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ABSTRACT 
 
Three structural materials commonly used in modern aircraft are aluminium alloys, carbon 
fibre-epoxy laminates and fibre metal laminates. The aim of this PhD project is to determine 
the softening behaviour of these materials when exposed to combined mechanical loading and 
fire. The specific materials studied are aluminium alloys (AA2024 and AA7075), quasi-
isotropic carbon-epoxy composites, and a fibre metal laminate (GLARE). The thermal, 
physical and mechanical processes controlling the softening and failure of the materials under 
structural loading and one-sided heating by fire are determined. The two important structural 
loading cases of tension and compression are studied for different radiant heat flux conditions 
representative of fires having different flame temperatures.  The term ‘fire’ is used in this PhD 
to describe the radiant heat which is emitted by fire and then absorbed by materials. The term 
‘fire’ does not describe the flaming process itself nor direct flame impingement on the test 
materials. Due to the test methods used in this PhD project, the materials were not exposed to 
an actual fire, but were exposed to heat fluxes representative of the heat radiated by a controlled 
flame/fire. This approach is similar to other testing methods used to measure the fire properties 
of composites and other combustible materials, such as the cone calorimeter which is used to 
measure the fire reaction properties (e.g. time-to-ignition, heat release rate) but does not use an 
actual fire in the test. 
Presented in the PhD thesis is a comprehensive and critical review of published research on the 
thermal-mechanical properties of the aerospace structural materials. A review of research into 
the fire structural and fire reaction properties of polymer matrix composites is also presented. 
Based on the existing research, gaps are identified in the knowledge of the thermal response 
and structural survivability of aerospace-grade materials when exposed to combined loading 
and fire exposure as well as the residual strength properties of the materials after fire exposure. 
This PhD aims to address these research gaps.  
The mechanical properties including creep as well as the thermal and physical responses of 
aircraft-grade aluminium alloys under fire conditions are experimentally investigated. The 
structural performance of AA2024 and AA7075 alloys under tension and compression loads is 
analysed using a thermal-mechanical finite element model and experimentally evaluated using 
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fire-under-load tests. When exposed to the same radiant heat flux, both alloys reach the same 
front surface temperature, however the heat transfer through-the-thickness is more rapid for the 
7xxx alloy due to its higher thermal conductivity. The structural survivability of the 7xxx alloy 
under tension or compression loading is inferior to the 2xxx alloy due to its faster heat transfer 
rate which accelerates softening. The effects of elastic, plastic, creep and other factors on the 
softening and weakening of aluminium alloys when exposed to fire is determined. 
An experimental and analytical study into the structural performance of four aerospace-grade 
quasi-isotropic laminates subjected to combined fire and tension or compression loading is 
undertaken. Fire-under-load tests are performed on the laminates with different stacking 
sequences of the 0o, 90o, +45o and -45o plies. Laminates with 0o mid-plane plies have lower 
back-surface temperatures, slower tension softening rates and longer tensile stress rupture 
times compared to laminates with 45o mid-plane plies. Changes to the tensile properties of the 
laminates after exposure to fire are also investigated. Experimental testing revealed that 
laminates with 0o mid-plane plies retain more tensile strength than laminates with 45o mid-
plane plies for longer times during and after fire exposure. Laminates with 0o middle plies 
experience more extensive heat-induced delamination cracking which lowers their effective 
through-thickness thermal conductivity and traps heat near the fire-exposed surface. This slows 
the thermal softening rate of the load-bearing (0o) plies located towards the back surface, and 
this extends the fire structural survivability under tensile loading. The structural survivability 
of quasi-isotropic carbon-epoxy laminates under combined fire exposure and compression 
loading is less sensitive to the ply stacking sequence, and the reasons are explored. A model is 
presented to compute the softening and failure of carbon fibre-epoxy laminates under both 
tension or compression loading and exposure to fire.  
The thermal and structural responses of fibre metal laminates (FML) under combined fire 
exposure and loading is investigated experimentally. The fire-under-load response of the FML 
is compared to its constituent materials of glass fibre composite and aluminium alloy. The 
monolithic glass fibre-epoxy composite reaches a much higher front surface temperature due 
to its lower thermal conductivity. Despite its higher temperature, the tensile failure stress of the 
glass fibre composite during fire-under-load testing is superior to the FML and aluminium at 
higher applied loads. At higher heat fluxes and lower loads the FML is structurally superior 
due to the lower back surface temperature and the capacity of the glass fibres to retain stiffness 
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and strength. Under compression loading, the FML has a similar low failure stress as the glass 
fibre composite due to thermal softening and decomposition of the polymer matrix.  
An experimental investigation is presented comparing the structural survivability of the 
aluminium alloys, carbon-epoxy laminates and FML under identified fire conditions. The 
thermal response, softening rate, deformation behaviour and structural survivability for the 
materials are compared. When exposed to the same radiant thermal flux, the surface 
temperatures of the carbon fibre-epoxy composites are much higher than the aluminium and 
FML due to differences in their thermal conductivity and fire-induced damage (i.e. 
delamination cracks, fire-matrix debonding) as well as decomposition processes. However, 
heat flow through the carbon fibre-epoxy laminates is much slower due to the lower through-
thickness thermal conductivity and heat-induced damage. Under tensile loading, for the 
experimental test conditions used in this PhD project, the tensile load-bearing capacity of the 
carbon fibre-epoxy laminates are superior to the aluminium alloys and the FML when exposed 
to the same thermal flux. This is due to the capacity of the load-bearing carbon fibres to retain 
stiffness and strength to much higher temperatures. The structural response of the materials 
under combined fire exposure and compressive loading is also compared. The softening rate 
and failure stress of the carbon fibre-epoxy laminate and FML is inferior to the aluminium 
alloys due to thermal softening of the matrix phase which significantly reduces the buckling 
stability.   
The research presented in the PhD thesis presents a deeper understanding of the structural 
response of aircraft materials when exposed to fire. The work not only gives a deeper 
fundamental scientific understanding of the phenomena controlling the softening, damage and 
structural response of aircraft materials, but has practical use in evaluating the relative fire 
structural performance of the materials when used in modern military, civilian or commercial 
aircraft. 
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CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND 
For civil passenger aircraft, a significant number of fatalities in otherwise survivable accidents 
are associated with the effects of fire; between 20% to 40% of fatalities in survivable accidents 
are attributed to fire [1]. A statistical analysis of commercial jet aircraft accident data showed 
that fire was responsible for the fourth highest number of on-board fatalities and was the 
seventh most frequent cause of accidents in 2005 [2]. Between 1990 and 2010 there have been 
18 large commercial aircraft accidents involving fire, and they resulted in 423 fatalities [3]. For 
this reason, the fire response of aerospace structural materials is a key area of interest. 
The majority of fires occur after the aircraft has made a crash landing. Post-crash fires are 
usually caused by the spillage of fuel from damaged pipes or ruptured fuel cells often being 
ignited by contact with hot engine components. The fire can then penetrate the passenger 
compartment through open escape doors or even burn-through the fuselage skin. Once inside, 
fire propagation through the cabin occurs resulting in the ignition of combustible materials. For 
example, the incident at Manchester airport in 1985 where 55 lives were lost as an engine fire 
caused the cracking and melting of windows allowing smoke to fill the cabin [4]. 
 Although not as frequent as post-crash fires, in-flight fires are more likely to lead to a 
catastrophic event, especially without immediate intervention. Table 1.1 shows the time taken 
for an aircraft fire to become non-survivable. According to data from UK CAA report [5] in 
2002, from the first indication of fire on board, the crew has on average 17 minutes to get the 
aircraft on the ground. 
Although significant improvements to the fire safety of aircraft have been made, the changes 
in aircraft structural materials has led to some uncertainty in the fire performance of new 
aircraft.  Aluminium alloy is the most used material for the fuselage, wings and supporting 
structures of many commercial aircraft.  Its extensive use as a structural material is due to the 
combination of high specific stiffness, strength and toughness combined with moderate cost 
and good machinability and processing properties. However, aluminium is increasingly being 
replaced with composite materials, most notably carbon fibre-epoxy laminates in the Boeing 
787 and Airbus A350 and fibre metal laminates in the Airbus A380.  This shift is due to the 
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design benefits associated with using composites, such as their higher specific stiffness and 
strength and superior fatigue and corrosion resistance. 
 
Table 1.1. Time for an aircraft fire to become non-survivable [5]. 
Date Location Aircraft 
Time to become 
non-survivable 
(mins) 
26-Jul-69 Biskra, Algeria Caravelle 26 
11-Jul-73 Orly, Paris, France B707 7 
03-Nov-73 Boston, USA B707 35 
26-Nov-79 Jeddah, Saudi Arabia B707 17 
02-Jun-83 
Cincinnati International 
Airport, USA 
DC9-32 19 
28-Nov-87 Mauritius, Indian Ocean B747 19 
02-Sep-98 Peggy’s Cove, Canada MD-11 16 
 
 A major concern in the application of composites is their high flammability and poor fire 
resistance, due mostly to the polymer matrix phase. Composites pose a potential fire hazard 
due to the heat, smoke and toxic fumes released while they burn at high temperature (typically 
above 350oC). There is also concern for the structural integrity of composites during and after 
exposure to fire. Thermal softening and pyrolysis of the matrix and weakening of the fibre 
reinforcement can cause the material to distort and weaken, eventually failing under an external 
load. There is also potential risk for aluminium alloys exposed to high temperatures or fire. 
Aluminium alloys experience large reductions to their elastic stiffness, proof strength, ultimate 
strength and creep strength when heated above ~150oC [6]. Similar to composite materials, the 
aluminium structures can distort and collapse when exposed to fire.  
 
With the growing use of composites as aircraft structural materials, there exists the need to 
fully understand the fire reaction and fire resistance properties to ensure passenger safety. 
Carbon-epoxy laminate is the most used composite material and AA2024 and AA7075 the 
most widely used aluminium alloys in load-bearing aircraft structures. Hence, the focus of this 
PhD research will be the comparison of their fire safety when used on aircraft as load-bearing 
structures. More recently, fibre metal laminates have been used on aircraft such as the Airbus 
A380 and hence its fire performance will also be considered in the PhD project.  
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1.2 SOURCES OF AIRCRAFT FIRES 
Ignition sources for aircraft fires can be both external (eg. lightening strike or failure of the fuel 
system) or internal (eg. failure of operating equipment) to the aircraft cabin. Cabin ignitions 
are more likely to be controlled through proper material selection and crew intervention. 
External ignition is most likely to result in a catastrophic event. The most common sources of 
aircraft fires are discussed in more detail.  
1.2.1 Electrical Systems and Wiring 
The most frequent source of fire in transport aircraft is electrical faults, as shown in Figure 1.1. 
A study conducted by Boeing showed that between November 1992 and June 2000, over two-
thirds of in-flight fires on Boeing aircraft were caused by electrical faults [7]. A common source 
of ignition for electrical fires is faulty wiring. The increased number of electronic devices to 
control aircraft systems has consequently increased the number of wires routed through aircraft. 
Adding to this, the desire for greater system redundancy has increased greatly the amount of 
wiring [8]. This added weight caused by the increased wiring was compensated by the use of 
lighter and sometimes thinner insulation. This lighter insulation is susceptible to cracking, 
leading in some cases to arcing which can cause a self-sustained fire in just a few minutes. 
Such an event occurred in 1998 on the Swissair Flight 111 (see Case Studies). Of significant 
importance was the subsequent multiple system failures as the fire affected the electrical wiring 
throughout the forward fuselage overhead areas which lead to the loss of control of the aircraft 
[9]. 
Figure 1.1. Summary profile of reported smoke events in pressurised areas of different types 
of passenger aircraft [8]. The source of the fire considered are electrical, air conditioning and 
materials. 
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1.2.2  Insulation Blankets 
Insulation blankets line the inside of the aircraft fuselage shell to provide thermal insulation for 
passenger comfort and attenuate noise; however they also offer a source of fuel for combustion. 
Although the FAA has specifications regarding the flammability of insulation blankets, as the 
aircraft ages flammable contaminates such as lubricants, corrosion inhibitors, hydraulic fluid 
and dust can provide the fuel necessary for a fire to become self-sustaining [8]. During a hidden 
fire, in the walls of the aircraft, the insulation is usually the first to ignite, frequently caused by 
an electrical fault.  
1.2.3 Lithium Batteries  
Lithium batteries are responsible for a large growth in in-flight fire over the past ten years, as 
shown in Figure 1.2. Between March 1991 and October 2013, the FAA recorded 132 cases of 
aviation incidents involving smoke, fire, extreme heat or explosion involving batteries and 
battery powered devices, with the majority being lithium batteries.  These batteries are carried 
on aircraft as cargo, within passenger baggage and by passengers directly, in power portable 
electronic devices such as cellular phones, portable tablets and digital cameras. All lithium 
batteries present a potential fire hazard as they are capable of delivering sufficient energy to 
start an in-flight fire and are unable to contain their own energy in the event of a catastrophic 
failure [10]. Only a small fire source is required to start a lithium battery fire. The surrounding 
materials, usually plastic, easily melts allowing adjacent cells or batteries to ignite, contributing 
to higher fire intensity [11]. Aviation fires believed to be caused by lithium batteries have 
occurred when battery shipments are placed next to other cargo on the aircraft, as of that on 
UPS Flight 006 (see Case Studies).  
Figure 1.2. Annual aviation incidents caused by batteries or battery-powered devices [8]. 
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1.2.4 Ignition of Jet Fuel 
Following a forced or crash landing, the aircraft can sustain damage that may extend to the fuel 
cells and surrounding piping, allowing jet fuel to leak. The heat of engine components then 
serves as a source of ignition creating a pool-fire around the damaged aircraft. In this case, it 
is not uncommon for the fire to spread rapidly into the passenger cabin where flashover can 
occur if the temperature reaches the auto-ignition temperature. 
1.3 FIRE CHARACTERISTICS 
Post-crash fires occur more frequently than in-flight fires and therefore fire test criteria for 
aircraft materials are based primarily on post-crash fire conditions. Post-crash fires are usually 
initiated by the ignition of jet fuel released from a damaged fuel system. Such a fire can 
generate flame temperatures in excess of 1100oC and radiant heat fluxes above 150 kW/m2 [1]. 
Figure 1.3 shows the temperature-time profile measured in a passenger aircraft with a post-
crash jet-fuel fire adjacent to an open cabin door [12]. As shown, it takes only three minutes 
for the temperature to rise over 700oC. Although this heat is enough to cause fatalities, it is 
usually the concentration of carbon monoxide and other toxic gases that rapidly reach a lethal 
level that cause most fatalities [1]. Such an event occurred in the 1973 VARIG accident.  (See 
Case Studies)  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Temperature-time profile above an aircraft cabin door during an external fuel fire 
[12]. 
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1.3.1 Case Studies 
From 1990 to 2010 there were 28 major aircraft accidents involving in-flight fire, which 
resulted in 423 fatalities [13]. More recently there have been many smaller, less severe 
incidents involving fire. Since 2014 there have been over 10 incidents of fire on commercial 
aircraft that caused significant damage [13]. The incident at Las Vegas airport in 2015 
highlights the importance of the aircraft structure being able to withstand the fire conditions in 
order to allow passengers to safely escape. After fire broke out in the left engine of a British 
Airways Boeing 777, the aircraft remained intact to allow 172 passengers and crew to safely 
escape [14]. 
 
 
 
 
 
 
 
 
Figure 1.4. Fire damage to a Boeing B777 after an engine fire in Las Vegas [15]. 
1.3.1.1 VARIG Flight 820 
On 11 July 1973, a Boeing 707 aircraft departed Rio de Janeiro for Paris. Upon approach to 
Paris Orly airport a fire broke out in the aft cabin, filling the aircraft with smoke. As the smoke 
thickened, visibility in the flight deck diminished and the Captain made the decision to attempt 
a forced landing in a field, short of the runway.  117 passengers survived the landing, however 
116 succumbed to asphyxiation by poisonous gas and smoke and the total death toll was 123 
[16].  
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Figure 1.5.VARIG Flight 820 [17]. 
1.3.1.2 Saudi Flight 163 
In 1980, a Saudi Arabia L1011 experienced an in-flight cargo compartment fire that penetrated 
the cabin floor. The fire claimed the lives of 301 passengers and crew. At the time, this 
represented the second deadliest single aircraft disaster in history [18]. Seven minutes into the 
flight, warnings of smoke in the aft cargo compartment sounded, followed soon after by smoke 
entering the passenger cabin [19]. On return to the airport, one thrust lever became stuck as the 
fire burned through the operating cable causing the engine to be shut down. The aircraft landed 
safely at Riyadh International Airport however, instead of ordering an emergency evacuation, 
the pilot continued to a taxiway at the end of the runway. When rescue personnel reached the 
aircraft, flames were observed through the windows at the rear of the aircraft [19]. It took crews 
23 minutes to open a door, however in that time all passengers and crew had perished from 
smoke inhalation. Three minutes later, the aircraft burst into flames. 
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Figure 1.6. Saudi Flight 163 [19]. 
 
1.3.1.3 Swissair Flight 111 
On 2 September 1998, the MD-11 departed New York for Geneva. During cruise, unusual 
odours were noted by the flight crew, followed by smoke in the flight deck which led to a 
diversion to Halifax [9]. Shortly after, an emergency was declared, requesting to land 
immediately. The last radio transmission from the aircraft was received 14 minutes after the 
initial declaration of the emergency, around the same time the flight data recorder recorded 
multiple system failures.  The Transportation Safety Board of Canada determined that the fire 
most likely started from a wire arcing event [9]. Fire from the electrical wiring in the forward 
upper fuselage area caused multiple simultaneous system failures including the primary flight 
instruments. The aircraft impacted water and all 14 crew members and 217 passengers were 
killed.  
 
 
 
 
 
 
 
Figure 1.7. Reconstructed Swissair Flight 111 [9]. 
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1.3.1.4 UPS Flight 006 
On 3 September 2010, a Boeing 747-400F departed Dubai for Cologne. On approach to their 
cruise altitude the fire warning bell was activated due to a main deck cargo fire. The plane 
attempted to descend and return to Dubai, however shortly after the activation of the fire bell, 
the pilots reported to air traffic control that visibility in the flight deck had deteriorated due to 
cabin smoke and they were unable to effectively monitor the flight instruments. They then 
attempted to slow the aircraft to landing speed by extending the landing gear, however it did 
not extend. The aircraft overflew Dubai and impacted the desert, killing the two crew members 
[20]. The investigation revealed that the fire was likely initiated by a large quantity of lithium 
batteries that were on the flight.  
1.3.1.5 Asiana Flight 991 
On 28 July 2011, a Boeing 747-400F flying from South Korea to China reported a cargo fire 
and an emergency descent was requested. The flight crew reported flight control problems 
approximately 20 minutes after the initial report of fire and the aircraft then impacted the sea. 
On retrieval of the aircraft, soot was found on several pieces of wreckage and the soot patterns 
and fire damage were consistent with a cargo fire in the aft portion of the aircraft. Similar to 
UPS Flight 006, the Asiana Flight 991 was carrying a large quantity of lithium batteries and 
this was believed to have started the fire [21]. 
1.3.1.6 Boeing 787 
The Boeing 787 Dreamliner is the newest Boeing aircraft built with carbon fibre-epoxy 
laminate and other materials. The B787 carries lithium-ion batteries which have caused serious 
concerns, as previously described in the above case studies, due to overheating which prompted 
the world-wide grounding of the fleet after a fire on a Japan Airlines flight and a second battery 
that overheated on an All Nippon Airways flight. On January 16 2013, the All Nippon Airways 
flight made an emergency landing after a computer warning of smoke inside the electrical 
compartments [22]. The Japan Transport Safety Board found all cells had signs of thermal 
damage [23]. Shortly afterwards an Ethiopian Airlines jet caught fire at Heathrow Airport, most 
ly caused by faulty wiring of a lithium battery. Figure 1.6 shows the extent of fire and heat 
damage sustained in the upper aft section of the fuselage.  
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Figure 1.8. Fire damage to Ethiopian Airlines Boeing 787 caused by lithium-ion batteries 
[24]. 
1.4 AIMS AND SCOPE OF PhD PROJECT 
The aim of this PhD project is to study and compare the structural response and failure of 
aerospace materials during exposure to fire. The materials studied are representative of those 
currently and widely used on aircraft, and are the aluminium alloys AA2024 and AA7075, 
carbon fibre reinforced epoxy composites, and a FML representative of GLARE. The key focus 
of the study is to analyse the thermal and mechanical response of the materials in high 
temperature and fire environments. A thermal-mechanical modelling approach will be 
validated for the aluminium alloys and carbon fibre-epoxy laminates using experimental data. 
The fire properties of aluminium alloys, carbon fibre-epoxy composites and FML can then be 
used to compare their relative fire safety when used as aircraft structural materials. 
 In summary, the key outcomes of this research project are: 
- Development of a validated thermal-mechanical model for carbon fibre reinforced polymer 
composites. 
- Generate database of information on the high temperature properties and fire resistance 
properties of carbon fibre-epoxy composites, FML and aerospace grade aluminium alloys. 
- Quantitative comparative assessment of the fire response of different types of aerospace 
structural materials. 
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1.5 OUTLINE OF PhD THESIS 
The research in this PhD project comprises of a comprehensive review of literature, 
experimental testing and analysis, and analytical and numerical modelling. Chapter 2 presents 
a comprehensive literature review on the thermo-mechanical behaviour of aerospace structural 
materials in fire, including an overview of aluminium alloys, fibre reinforced polymer 
composites and FMLs. The thermal and mechanical models developed for these materials in 
fire are presented. The materials reaction to fire and fire-under-load behaciour as well as the 
post-fire mechanical properties are also discussed. A summary of the published literature is 
presented and the knowledge gap in the area of aerospace structural materials is highlighted.  
Chapter 3 presents research work into the structural response of aircraft-grade aluminium 
alloys to fire. The material properties used in the thermal-mechanical modelling and analysis 
of the aluminium alloys are determined. The experimental techniques used to measure the 
thermal and mechanical properties as well as the combined one-sided heating and applied 
loading tests are described. The thermal-mechanical analysis for aluminium alloys under 
combined one-sided heating and applied compression or tension loading is presented. The fire-
under-load survivability off aluminium alloys for different load states and heat fluxes are 
presented with the failure modes observed being discussed.  
Presented in Chapter 4 is research work on the fire structural properties of carbon fibre-epoxy 
laminates. The fire reaction properties of carbon fibre-epoxy laminates are investigated as well 
as the elevated temperature properties under both tension and compression loading. The fire-
structural resistance of four different quasi-isotropic laminates are determined experimentally 
using small scale fire-under-load tests involving combined tensile or compressive loading and 
one-sided heating at a constant radiant heat flux. The thermal-mechanical response of the 
laminates is also investigated analytically. The agreement of the thermal-mechanical model is 
assessed. The experimental failure time values are presented and compared to the calculations 
of the thermal-mechanical model for both compression and tension loading at two heat flux 
conditions. The tensile failure of the laminates after fire exposure is also investigated.  
Chapter 5 presents the research work completed into the fire behaviour of fibre metal laminates. 
Similar to the research work described in Chapter 3 and 4, the fire reaction properties and 
mechanical properties of FML at high temperature are determined. In addition, the fire-
structural response of the fibre metal laminate is compared to monolithic glass fibre composite 
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and monolithic aluminium alloy under both tension or compression loading and one-sided 
heating at a constant heat flux.  
Chapter 6 presents an experimental comparison of the fire-structural performance of the 
aerospace structural materials using the results discussed in previous chapters and Chapter 7 
gives the conclusions and suggestions for future research work on the fire safety assessment of 
aerospace structural materials. 
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CHAPTER 2: LITERATURE REVIEW 
 
This chapter presents a review of published research into the fire behaviour and thermal 
processes of aerospace structural materials in fire. The literature review covers all key aspects 
of the fire resistant properties of aerospace structural materials, including their temperature 
response, damage, softening and failure. 
2.1 STRUCTURAL PROPERTIES OF ALUMINIUM ALLOYS IN HIGH 
TEMPERATURE ENVIRONMENTS 
2.1.1 Aluminium Alloys at Elevated Temperature  
While aluminium alloys have many advantages over other structural materials (eg. high 
specific modulus and strength), a disadvantage is its ability to withstand temperatures above 
~100-150oC. Due to the low softening temperature of aluminium alloys they are susceptible to 
large deformations under load which can subsequently lead to structural collapse.  
During severe fire conditions, such as a hydrocarbon fire, it takes only a few minutes for 
aluminium to reach a critical softening temperature after which it will experience large losses 
to the mechanical properties [25, 26]. Aluminium alloys experience large reductions to their 
elastic stiffness, proof stress, ultimate strength and creep resistance when heated over the range 
~100-400oC [27]. Most aluminium alloys melt at 640-660oC and loose half their original 
strength at ~200oC. The effect of elevated temperature on the tensile properties of structural 
aerospace and non-aircraft grade aluminium alloys according to EC9 is shown in Figure 2.1a 
[26]. EC9 refers to the Eurocode series of European Standards regarding the design of 
aluminium structures. The EC9 sets requirements for structural integrity, including strength, 
serviceability, durability and fire resistance.  Figure 2.1 shows the reduction to the yield stress 
normalised to the room temperature value. The mechanical properties of aluminium alloys at 
elevated temperature have been studied [25-28].  
Aluminium alloys in the work hardened condition (H), and the work hardened via heat 
treatment condition (T) show reductions in their strength of ~80% at 250oC which is below the 
temperature of many fires. Alloys that are precipitation hardened are strengthened via 
precipitate growth under controlled heating eg. (T6) [29]. Elevated temperature exposure 
causes further precipitate growth which reduces the proof stress [30]. 
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Figure 2.1b shows the reduction in Young’s modulus with increasing temperature, which is 
independent of the alloy type. The Young’s modulus decreases with increasing temperature 
due to dislocation recovery, recrystallization and grain growth [31].  
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
b) 
Figure 2.1. Tensile  properties of aluminium alloys as a function of temperature: a) 0.2% 
proof stress (k0.2T) and  b) elastic modulus [26]. The 0.2% proof stress is used to define the 
offset yield point. 
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2.1.2 Thermal-Mechanical Modelling of Aluminium Alloys 
Numerous numerical, analytical and experimental studies assessing the structural integrity of 
aluminium alloys in fire have been published [6, 32-41], with many of these studies focusing 
on fire-induced softening and collapse under compression loading [34-41]. Maljaars et al. [35] 
developed an analytical model which considers the creep deformation of aluminium exposed 
to fire using constitutive equations relating temperature, time and strain.  The creep-based 
model can accurately predict both the time and temperature at which the aluminium will fail 
under combined compression loading and one- sided heating by analysing the sudden increase 
in plastic strain caused by rapid creep softening. The model requires the experimental 
determination of the creep properties for the aluminium alloy over a wide range of stress levels 
and temperatures. The model was validated by Maljaars et al. [35] for both AA5083 and 
AA6060 using experimental data. However, the model was has not been applied to aerospace 
aluminium alloys.  
Thermo-mechanical models that predict the failure of aluminium alloys under fire conditions 
require the inclusion of constitutive properties associated with creep. Numerous models have 
been developed to curve fit experimental creep data [42-44]. Dorn [42] used an Arrhenius 
equation to describe the secondary stage of creep using the relationship 
                   ?̇?𝒕𝑰𝑰 = 𝒁𝒆
−𝑸
𝑹𝑻           2.1 
where 𝜀?̇?𝐼𝐼 is the slope of the secondary creep strain region, Q  is the activation energy, R is the 
Boltzmann gas constant, T is temperature and Z is the Zener-Holloman parameter calculated 
using: 
                                                            𝒁 = 𝑨(𝒔𝒊𝒏𝒉(𝜶𝝈))𝒏                   2.2  
Harmathy [42] expanded on this and developed a model that included the primary and 
secondary creep stages: 
𝜀?̇?𝐼+𝐼𝐼 = 𝜀?̇?𝐼𝐼𝑐𝑜𝑡ℎ
2 (
?̇?𝑡𝐼+𝐼𝐼
𝜀𝑡0
)     2.3 
where 𝜀?̇?𝐼+𝐼𝐼 is the creep strain rate for both the primary and secondary creep regions and 𝜀𝑡0 is 
the projection back to zero time of the secondary strain curve, described by 
                                                            𝜀𝑡0 = 𝐷(𝜎)
𝑚                                                                2.4 
A, Q, D, n,  m are all fitting parameters dependant on the specific alloy type.  
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The model was further expanded by Maljaars et. al [42] who included tertiary creep, and is 
expressed as: 
                                        𝜀?̇?𝐼+𝐼𝐼+𝐼𝐼𝐼 = 𝜀?̇?𝐼𝐼𝑐𝑜𝑡ℎ
2 (
?̇?𝑡𝐼+𝐼𝐼+𝐼𝐼𝐼
𝜀𝑡0
)
?̇?𝑡𝐼+𝐼𝐼+𝐼𝐼𝐼
𝜀𝑙𝑖𝑚
                                       2.5 
Maljaars et al. [42] concluded that the influence of the inclusion of tertiary creep was dependant 
on the aluminium alloy. For AA5083 the inclusion of tertiary creep stage had little effect on 
the results, however for AA6060 the results were affected. This is attributed to the formation 
of precipitation hardening particles during the ageing process.  
Suziki et al. [36] experimentally measured the failure temperatures of aluminium columns and 
beams subjected to combined one-sided heating by fire and static compression loading. 
Engineering design equations were then developed to predict the critical failure temperature. 
The model does not consider creep softening, and therefore under-predicted the failure 
temperature at low loads.  
Fogle et al. [33] conducted an experimental study to assess the deformation and failure of 
aluminium alloy AA5083 under combined compression loading and constant one-sided heat 
exposure. The results showed decreasing time-to-failure with increasing heat flux at a given 
applied load, as shown in Figure 2.2. Kandare et al. [45] conducted similar experiments on 
AA5083 and also found that the failure times increased rapidly with decreasing applied stress, 
and this was due to the reduction to the creep rate. The compression loaded sample failed by 
buckling; firstly, local plastic instability in the heated region, followed by complete failure by 
global plastic buckling. Kandare et al. [45] expanded the research by also examining the tensile 
properties of aluminium in fire. Failure times were found to be significantly longer when loaded 
in tension, compared to compression, due to the plastic deformation via tertiary creep.  
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Figure 2.2. Effect of heat flux on the failure of 5083 H116 for thicknesses of 6.35, 7.94 and 
9.53 mm [33]. The aluminium was loaded in compression. 
Feih et al. [41] developed a thermal-mechanical finite element model to analyse the 
temperature field as well as the deformation and failure of aluminium structures under 
combined compression loading and one-sided heating. The temperature of the aluminium 
structure is calculated for increasing exposure times to fire using 3D heat conduction theory: 
                           𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
[𝑘𝑥(𝑇)
𝜕𝑇
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝑇)
𝜕𝑇
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝑇)
𝜕𝑇
𝜕𝑧
]                           2.6 
where  is the material density, T is the temperature, t is the heating time, Cp is the specific heat 
capacity, k is the thermal conductivity and the subscripts x, y, z refer to the through-thickness, 
in-plane and transverse directions, respectively. The thermal conductivity and specific heat 
capacity of the aluminium are dependent on the temperature. The mechanical analysis 
developed by Feih et al. [41] considers elastic softening, time-independent plastic softening, 
and time-dependant creep softening effects to calculate the elastic and plastic deformations and 
reduction in compressive strength. Figure 2.3 shows the comparison of the predicted and 
measured failure times for AA5083 under combined compression loading and one-sided 
exposure to a heat flux of 50 kW/m2. The agreement is good for higher applied loads, however 
at low applied loads the model over-predicts the time-to-failure, most likely due to the creep 
effects. 
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Figure 2.3. Measured (data point) and predicted (curve) time to failure for AA5083 exposed 
to combined compression loading and one sided heating at a heat flux of 50 kW/m2 [41]. 
 
By considering the creep deformation, the models by Maljaars et al. [42]  and Feih at al. [41] 
require the experimental determination of the creep properties for the aluminium over a wide 
range of stress levels and temperatures, which is a time consuming process. Recognising this, 
Kandare et al. [45] investigated the use of the Larson-Miller parameter to predict both the 
tensile and compressive failure of aluminium in fire. This parametric relation extrapolates data 
for the creep response, such as the stress rupture time, of the material after determination of the 
empirical relationship between the applied stress and the Larson-Miller parameter. Kandare et 
al. [45] experimentally validated the Larson-Miller modelling approach for AA5083 under both 
tension and compression loadings.   
 
Figure 2.4 shows the accuracy of the Larson-Miller model in predicting the increase in time-
to-failure when the heat flux or applied stress is reduced. The model was also accurate in 
predicting the failure temperature for aluminium alloy in both tension and compression. It must 
be noted, however, this model is only validated for AA5083, and different Larson-Miller 
parameters are needed for different alloys. 
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Following a similar approach to Feih et al. [41], Khatibi et al. [32] developed a coupled thermal 
and mechanical FE model to analyse the fire-induced deformation and failure of aluminium 
under tensile loading. The thermal analysis uses the same 3D heat conduction theory as 
described by Feih et al. [41]. Once the temperature profile though-the-thickness of the 
aluminium has been calculated, the mechanical model calculates the elastic softening caused 
by a reduction in the Young’s modulus with increasing temperature, time-independent plastic 
flow caused by a reduction in the yield and ultimate strengths with increasing temperature, and 
time-dependant creep flow to predict the deformation and failure of the aluminium under 
combined tensile loading and one-sided heating. Once the temperature at any location through 
the structure is known, the Young’s modulus can be calculated using; 
                                           𝐸(𝑇) =
𝐸𝑜
2
(1 − tanh(𝑘(𝑇 − 𝑇50%)))                                        2.7 
where Eo is the elastic modulus at room temperature, T50% is the temperature at which the elastic 
modulus has reduced by 50%, and k is a curve fitting parameter.  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
a) 
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b) 
Figure 2.4. Comparison of theoretically predicted (solid curve) and experimental (data 
points) failure times for AA5083 a) under tensile loading, and b) under compressive loading 
[45]. 
To calculate the reduction in yield stress and increase in elastic strain, the model requires 
experimentally measured stress-strain curves for a range of elevated temperatures. The model 
can then calculate the changes in the tensile elastic-plastic properties for each element based 
on its increasing temperature with increasing heat exposure time and applied stress. The model 
uses a modified version of the Dorn-Harmathy [44] creep model to calculate the creep-induced 
plastic deformation. The creep strain rate, 𝜀̇C, during the three stages of creep are calculated 
by: 
                            𝜀?̇?𝐼+𝐼𝐼+𝐼𝐼𝐼 = 𝜀?̇?𝐼𝑐𝑜𝑡ℎ
2 (
𝜀𝐶𝐼+𝐼𝐼+𝐼𝐼𝐼+𝜀𝑐𝑜𝑛𝑠𝑡
𝜀𝐶𝑜+𝜀𝑐𝑜𝑛𝑠𝑡
) (
𝜀∗𝐶𝐼+𝐼𝐼+𝐼𝐼𝐼
𝜀𝐶𝑙𝑖𝑚
)                                        2.8 
where 𝜀?̇?𝐼 is the steady-state strain rate during the secondary creep stage and const is an 
infinitesimal creep strain to avoid numerical singularity at t=0 in the FE model. 𝜀𝐶𝑜 is the strain 
at t=0, and is determined by extrapolating the secondary creep curve back to zero time, 𝜀𝐶𝑙𝑖𝑚is 
the limit creep strain at the start of the tertiary stage. The total tensile strain in the aluminium 
is then calculated by the mechanical elastic strain caused by the externally applied tensile load 
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𝜀𝑒𝑙, time-independent plastic strain 𝜀𝑝, creep strain 𝜀𝑐 and the tensile strain induced by thermal 
expansion 𝜀𝑐: 
𝜀(𝑡, 𝑇) = 𝜀𝑒𝑙(𝑇) + 𝜀𝑝(𝑇) + 𝜀𝑐(𝑡, 𝑇) + 𝜀𝑎(𝑇) ± 𝜀𝑟(𝑇)                               2.9 
 The model was validated by Khatibi et al. [32]  for AA5083 at two heat fluxes, and the results 
are presented in Figure 2.5. As well as the failure time, the model predicted the temperature, 
deformation, and necking of the aluminium with good accuracy. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5.  Measured and predicted failure times of AA5083 under combined tensile loading 
and one-sided heating [32]. 
2.2 STRUCTURAL PROPERTIES OF COMPOSITES IN HIGH 
TEMPERATURE ENVIRONMENTS  
Many studies have examined the fire reaction behaviour of structural composite materials, 
giving extensive knowledge on their heat release rate, time-to-ignition, smoke density, toxicity 
and gas emissions [1, 46-64]. Less information, however, is available on the structural response 
of composites when exposed to fire or high temperatures. Knowledge on the materials ability 
to maintain its structural integrity is fundamental for safety analysis as a loss in stiffness or 
strength can cause the composite structure to distort and fail.  
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2.2.1 Fire Induced Damage of Composites 
 
To fully understand the structural response of composites when exposed to fire or high 
temperature, the thermal, chemical and physical softening and failure processes must be 
analysed. Figure 2.6 shows these processes for a composite laminate. As the material is exposed 
to one-sided heating, heat conduction from the heat source into the composite occurs. The rate 
of heat conduction through-the-thickness of the laminate is dependent on the incident heat flux 
and the thermal diffusivity of the material. The thermal properties of composites are anisotropic 
and therefore a thermal gradient develops in the through-thickness direction. This gradient 
yields non-uniform deformation and strains, with the hot front surface experiencing greater 
expansion than the cooler back surface. This causes a complex deformation response, with the 
composite either expanding when the temperature is above Tg or contracting during 
decomposition of the polymer matrix. The different damage mechanisms through-the-thickness 
of the composite are shown schematically in Figure 2.6.  
The high surface temperature at the front region causes the formation of solid char and volatiles 
from the decomposed polymer matrix. This temperature is dependent on the composition and 
chemical stability of the polymer, the heating rate, and the fire atmosphere. Decomposition 
temperatures are typically in the range of 250-400oC for organic resin systems, including 
epoxies [1]. In this region the matrix completely decomposes. Reactive fibres such as carbon 
will oxidize at temperatures above ~550oC, while glass fibres are inert but melt above 900-
1100oC [1]. As the temperature reduces through-the-thickness of the composite, the polymer 
matrix starts to decompose causing high density cracking and pore formation. At the cooler 
back face, delamination cracks, fibre-matrix interfacial cracks and matrix cracks can occur 
[65]. This thermal degradation process can be summarised according to the chemical and 
physical processes.  
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Figure 2.6. Reaction processes through-the-thickness of a hot decomposing polymer 
laminate [1]. 
 
The chemical processes include: 
• Decomposition, viscous softening, melting and volatisation of the polymer matrix and 
organic fibres; 
• Oxidation of carbon fibres; 
• Development, growth and oxidation of char; 
• Reaction between char and fibre (in the case of fibreglass). 
The physical processes include: 
• Formation of thermally-induced strains; 
• Internal pressure as a result of the formation of volatile gases; 
• Interfacial debonding between fibres and matrix; 
• Matrix cracking; 
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• Delamination cracking; 
• Softening of fibres. 
The final failure of the composite structure will be dictated by the heat flux, exposure time and 
atmosphere, the applied external load, and the structural geometry. Due to the number of factors 
influencing the composite behaviour under fire conditions, it is difficult to accurately predict 
the fire-induced damage.  
 
Gibson et al. [66][67] recognised that the decomposition of the polymer matrix to char and 
volatile gases influences the fire-structural behaviour. Using the Arrhenius equation to 
calculate the mass loss of the polymer, a model was developed to analyse the formation and 
growth of the char. The model was validated against experimental data and showed agreement. 
Figure 2.7 shows the char thickness in a glass fibre/polyester laminate with increasing exposure 
time to a radiant heat flux, for a range of remaining resin content percentages. It was observed 
that char formation occurred as the mass fraction of the polymer matrix reduced to 80%.  
 
Delamination cracking occurs for a number of reasons including internal pressure rises, 
thermally induced strains, and reduction in interlaminar fracture toughness. Due to the 
anisotropic mechanical strains within laminates, predicting the delaminations becomes 
difficult. Also the strains within the composite vary before and after the glass transition 
temperature and the polymer decomposition. 
 
Before decomposition, the mechanical strain can be calculated using; 
                                                  𝜀𝑚𝑒𝑐ℎ(𝑇) = 𝜀𝐿−∝ (𝑇 − 𝑇∞)                                               2.10 
where 𝜀𝐿 is the strain due to external loading and  𝑇∞ is the reference temperature. Above the 
decomposition temperature, the thermal strain is dependent on the stage of decomposition as 
the material will expand due to pyrolysis and volatile gas formation, and contract due to the 
formation of char.  
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Figure 2.7. Char thickness with increasing heat exposure time at a heat flux of 50kW/m2 for 
glass/polyester laminates [66]. 
 
Figure 2.8. Fire induced damage through-the-thickness of a composite laminate [1]. 
 
 
 
 
26 
 
2.2.2 Compressive Properties of Composites at Elevated 
Temperatures 
Mechanical models used to predict the compressive failure of composite structures exposed to 
fire and an externally applied compression load, assume that the mechanical properties 
decrease with a single-stage (glass-to-rubbery) glass transition of the polymer matrix as the 
temperature increases. Figure 2.9 shows the typical effect of increasing temperature on the 
compression properties of composite materials. The trend is indicative of the softening 
behaviour of thermoset resins (excluding phenolic) that undergo one-phase transformation 
upon heating from room temperature. 
 
Figure 2.9. Reduction of compressive and matrix dominated properties of composites with 
increasing temperature under isothermal conditions. 
 
Analytical models have been developed to predict the mechanical properties of composites at 
elevated temperature. Mahieux and Reifsnider [68] developed a model to calculate the 
reduction in elastic modulus, (E) with increasing temperature , which is  expressed as:  
                                             𝐸(𝑇) =  𝐸𝑅 + (𝐸𝑈 − 𝐸𝑅)𝑒𝑥𝑝 [− (
𝑇
𝑇𝑜
)
𝑚
]                             2. 11 
 where EU and ER are the room temperature and residual modulus and m is the Weibull 
exponent. The model assumes that an increase in temperature decreases the number of 
intermolecular bonds in the resin. The reduction in bonds is assumed to follow a cumulative 
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Weibull distribution as a function of temperature. The model has been fitted for a number of 
thermoplastic resin systems and showed reasonable agreement.  
 
Gibson et al. [69] developed a model to express the relationship between mechanical properties 
and temperature using a hyperbolic tanh function. The model is expressed as: 
                                          𝑃(𝑇) =
𝑃𝑈+𝑃𝑅
2
−
𝑃𝑈−𝑃𝑅
2
tanh (𝑘(𝑇 − 𝑇𝑘))                               2.12 
where k is a constant describing the breadth of temperature for softening and Tk is the 
mechanical glass transition temperature. P(T) is the mechanical property at a given 
temperature, 𝑃𝑢 is the ultimate mechanical property at room temperature and 𝑃𝑅 is the residual 
mechanical property value.  The model considers viscous softening of the polymer matrix only, 
however Gibson et al. [69] successfully fitted experimental data for a polyester/woven E-glass 
laminate, as shown in Figure 2.10.  This model is only applicable however to composites that 
experience a single stage softening process. 
 
Figure 2.10. Elastic properties (longitudinal modulus (E1), transverse modulus (E2) and in-
plane shear modulus (G12)) vs. temperature fitted by Gibson et al. [69].  
 
 
 
28 
 
As Eqn 2.12 only considers glass transition softening of the matrix, Gibson et al. [69] expanded 
this relationship to include the effect of decomposition of the resin matrix. 
𝑃(𝑇) = (
𝑃𝑈+𝑃𝑅
2
−
𝑃𝑈−𝑃𝑅
2
tanh(𝑘(𝑇 − 𝑇𝑘))) 𝑅𝑟𝑐
𝑛 (𝑇) 
where k is an empirical contact describing the breadth of the strength-temperature curve, Tk is 
the mechanical glass transition temperature defined by the temperature at which the strength 
has decreased by 50% and Rrc(T) is the remaining resin content, which is a function of 
temperature and n is a fitted power law factor. This model assumes that strength loss is 
dependent on mass loss and independent of time. 
 
2.2.3 Tensile Properties of Composites at Elevated Temperatures 
The tensile response of composites at elevated temperatures and in fire is much less researched 
and much more complex than compression. As with the compression properties of composites, 
the tensile strength experiences a reduction with increasing temperature. However, tensile 
property degradation is dominated by thermal softening, creep and decomposition of the matrix 
as well as by softening and possibly decomposition (oxidation) of the fibre reinforcement. 
Figure 2.11 shows the relationship of the tensile strength of the matrix with increasing 
temperature for a thermoset polymer. Once the critical softening temperature, Tcr, is reached, 
the tensile strength of the polymer decreases rapidly as it experiences thermal softening. The 
tensile strength continues to decrease with increasing temperature at a more gradual rate due 
to further visco-plastic softening and eventually pyrolysis of the polymer. Failure of the 
composite eventually occurs by thermal softening and fibre rupture.  
Feih et al. [70] investigated the effect of elevated temperature on the tensile strength of 
fibreglass composites. The reduction to the tensile strength of the matrix is calculated using; 
𝜎𝑚(𝑇) = (
𝜎𝑚(𝑜)+𝜎𝑚(𝑅)
2
−
𝜎𝑚(𝑜)−𝜎𝑚(𝑅)
2
tanh (𝑘𝑚(𝑇 − 𝑇
′
𝑔))) 𝑅𝑟𝑐
𝑛 (𝑇)              2.14 
where km is an empirical constant describing the breadth of the strength-temperature curve, T’g 
is the mechanical glass transition temperature defined by the temperature at which the strength 
has decreased by 50%, and Rrc(T) is the remaining resin content, which is a function of 
temperature and n is a fitted power law factor.  The reduction to the tensile strength of the fibres 
is calculated empirically using; 
                                        𝜎𝑙𝑜𝑠𝑠𝑓𝑏(𝑇) =
𝜎𝑓𝑏(𝑜)
2
+
𝜎𝑓𝑏(𝑜)𝑡𝑎𝑛ℎ[𝑝𝑓𝑏(𝑇−𝑇50%)]
2
                               2.15 
 2.13 
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where T50% is the temperature at which the fiber bundle loses 50% tensile strength and pfb is a 
curve-fit constant. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. Typical relationship between the tensile strength and temperature for a 
thermoset polymer. 
 
Using rule-of-mixtures, the tensile strength of the composite can then be determined using: 
𝜎𝑖(𝑇, 𝑡) = 𝑉𝑓𝜎𝑓𝑏(𝑖)(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑖)(𝑇)                𝑇 < 𝑇′𝑔         2.16 
where Vf is the volume fraction of load-bearing fibres in the composite, t is time,  𝜎𝑓𝑏(𝑖) is the fibre 
bundle strength, and 𝜎𝑚(𝑖) is the matrix strength. Figure 2.12 shows the reduction in tensile 
strength of a glass/vinyl ester composite with increasing temperature. It was found that Eqn 
2.15 over-predicts the strength, and this was attributed to the neglect of fibre strength 
distribution, fibre waviness, progressive fibre breakage, and load transfer between fibres.  
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Figure 2.12. Effect of temperature on the tensile strength of vinyl ester/glass composite. The 
dotted line is the tensile strength prediction using Eqn 2.15. The solid line is the tensile 
strength prediction using Eqn. 2.16 [70]. 
 
Feih et al. [70] extended the model to account for load transfer between fibres: 
𝜎(𝑖)(𝑇, 𝑡) = ΦLT(T)Vfσfb(i)(T, t) + (1 + Vf)σm(i)(T)        ΦLT ≤ 1           2.17 
where  𝛷𝐿𝑇 is the load transfer factor. The load transfer between the fibres is reduced after 
matrix softening begins. The calculated reduction in tensile strength using Eqn 2.16 is shown 
in Figure 2.12 to give an accurate prediction of the tensile strength loss of glass fibre 
composites. 
The response of carbon fibre composites in high temperature environments can differ from 
glass fibre composites because carbon fibres can oxidise when sufficient oxygen is available. 
A typical fire ranges between 400-1100oC, and few studies have been conducted focusing on 
the oxidation of carbon fibres in this temperature range [71, 72]. 
Feih et al. [73] conducted an experimental study into the mechanical properties and damage 
mechanisms of carbon fibres and carbon fibre composites exposed to fire. Feih et al. [73] 
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discovered that the exposure of carbon fibres to oxygen changed with distance below the hot 
surface of a composite. Carbon fibres nearest to the heated surface are exposed to oxygen 
within the atmosphere. However, the out-gassing of volatiles released during decomposition of 
the polymer matrix reduces the ingress of oxygen to the fibres below the surface.  
The reduction in Young’s modulus of carbon fibres at elevated temperatures is not solely 
dependent on the temperature but also the mass loss caused by surface oxidation. Using a two-
layer method, Feih et al. [73] were able to accurately predict the loss in fibre stiffness due to 
heat treatment in air using: 
𝐸𝑎𝑣 =
𝐴𝑖
𝐴𝑜
𝐸𝑐𝑜𝑟𝑒 +
(𝐴𝑡𝑜𝑡𝑎𝑙−𝐴𝑖)
𝐴𝑡𝑜𝑡𝑎𝑙
𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒                                           2.18 
where Ao and Ai are the load-bearing areas of the original and heat treated fibre respectively, 
Ecore and Esurface are the Young’s modulus of the core and surface regions of the fibre and 
Atotal is the total area. This method is valid for carbon fibres which have a ‘two-layer’ 
structure where the near-surface region consists of more graphitic (aligned) carbon then the 
fibre core. Figure 2.13 shows the predicted reduction in Young’s modulus for carbon fibres, 
which shows good agreement with the experimental data.  
 
 
 
 
 
 
 
 
 
 
Figure 2.13. Young's modulus of carbon fibre at elevated temperature [73]. 
 
 
 
32 
 
In terms of strength loss, Feih et al. determined it was solely dependent on temperature and 
time. Figure 2.14 shows the effects of temperature and time on carbon fibres, which can be 
predicted using: 
𝜎(𝑇) =
𝜎𝑜+𝜎𝑅
2
−
𝜎𝑈−𝜎𝑅
2
tanh(𝑘(𝑇 − 𝑇50%))                              2.19 
where 𝜎𝑜 is the room temperature fibre strength, 𝜎𝑅 is the steady-state reduced fibre strength, 
𝑘 describes the rate of strength loss and 𝑇50% is the temperature at which 50% of the fibre 
strength is lost.  
 
Figure 2.14. Effects of temperature and time on the carbon fibre strength [73]. 
 
2.2.4 Thermal Modelling of Composites in Fire 
 
For many composite structures, there can be a significant variation in the temperature through-
the-thickness of the material when exposed to one-sided heating. This is due to the endothermic 
decomposition effect and the low thermal conductivity as described by Gibson et al. [74] As 
the surface of the composite reaches temperatures of 300-350oC, the resin decomposes. A 
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thermal model that can quantitatively describe this behaviour must account for the chemical 
reactions, thermo-chemical expansion, variable thermal and transport properties, and the 
presence of decomposition gases.  
An early model to predict the thermal response of a laminate was developed by Pering et al. 
[75] and is expressed as: 
                                                       𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘𝑥
𝜕𝑇
𝜕𝑥
) +
𝜕𝑚
𝜕𝑡
𝑄𝑖                                              2.20 
where ρ is the density, Cp is the specific heat capacity, T is temperature, t is time, k is the 
thermal conductivity, 𝑄𝑖  is the heat of decomposition and m is the mass. The model considered 
the effects of heat conduction and pyrolysis of the matrix. The energy transferred by convection 
is assumed to be negative and the volatile gases are assumed to be immediately removed.  
 
A more sophisticated model was developed by Henderson et al. [76] who used a kinetic rate 
equation to analyse the decomposition reactions for glass reinforced polymer laminates.  The 
model is expressed as: 
                               𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
= 𝑘
𝜕2𝑇
𝜕𝑥2
+
𝜕𝑘
𝜕𝑥
𝜕𝑇
𝜕𝑥
− ?̇?𝑔𝐶𝑃𝑔
𝜕𝑇
𝜕𝑥
−
𝜕𝜌
𝜕𝑡
(𝑄𝑖 + ℎ − ℎ𝑔)                       2.21 
The first term on the right-hand side of the equation considers the effect of heat conduction. 
The second term also accounts for heat conduction with the influence of changing through-
thickness thermal conductivity. The third term considers the flow of volatile gases, produced 
from the matrix decomposition, to the fire-composite interface which has a convective cooling 
effect. The last term is the temperature change resulting from matrix decomposition and the 
char glass fibre reactions. The parameters h and hg are the enthalpy of the solid phase and 
enthalpy of the volatile gas, respectively. The term is negative for endothermic reactions and 
positive for exothermic reactions. The decomposition reaction rates are determined from the 
mass loss rate using the Arrhenius kinetic rate equation: 
                                                       
𝜕𝑚
𝜕𝑡
= −𝐴𝑖𝑚𝑜 [
𝑚−𝑚𝑓
𝑚𝑜
]
𝑛𝑖
𝑒
(−𝐸 𝑅𝑇)⁄                                                2.22 
where A, E and n are the pre-exponential factor, activation energy and order of reaction 
respectively. The parameters mo, mf and m are the initial, final and instantaneous mass of the 
material. The model is simplified by assuming there is no accumulation of decomposition gases 
on the surface, no thermo-chemical expansion, and that thermal equilibrium exists between the 
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decomposition gases and solid material.  The model was experimentally validated for a glass 
phenolic composite by comparing the theoretical temperatures determined by the model to the 
measured temperature profiles. Figure 2.15 shows this comparison for a 300 mm thick 
specimen exposed to a heat flux of 280 kW/m2. The small differences between the theoretical 
and experimental values are attributed by Henderson et al [78] to the exclusion of thermo-
chemical expansion and heat transfer between the char and decomposition gases.  
 
Figure 2.15. Comparison of theoretically predicted and experimental temperature profiles 
through- the-thickness of a glass-phenolic composite exposed to a heat flux of 280 kW/m2. 
Figure sourced from [76]. 
 
The Henderson et al. [76] model has been refined by others  [77-80]. Henderson and Wiecek 
[81] modified the model by including the effects of thermal expansion and storage of 
decomposition gases within the composite. This slightly improved the accuracy of the model 
to predict temperature rise.  
Gibson et al. [74] simplified the model developed by Henderson et al. [76] by neglecting the 
reaction that can occur between the char and glass fibres at high temperatures and assuming 
that the thermal conductivity and specific heat properties remain constant with increasing 
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temperature. The fibres are assumed to remain inert and hence fibre mass loss is not accounted 
for. The model developed by Gibson et al. [76] is expressed as: 
                         𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) − ?̇̇?𝐺
𝜕
𝜕𝑥
ℎ𝐺 − 𝜌𝐴 [
(𝑚−𝑚𝑓)
𝑚𝑜
]
𝑛
𝑒−
𝐸
𝑅𝑇(𝑄𝑃 + ℎ𝑐 − ℎ𝑔)          2.23 
The first term on the right hand side of the equation relates to heat conduction. The second term 
describes the flow of volatile gases generated by decomposition of the resin. The last term 
defines the resin decomposition, where an exothermic reaction generates heat and an 
endothermic reaction absorbs heat. This model has been used extensively in studies and has 
been comprehensively validated [70, 82-89]. Mouritz et al. [85] used the model to investigate 
the fire behaviour of glass fibre-polymer laminates exposed to heat fluxes between 25 – 100 
kW/m2. 
The effects of internal pressure and thermal expansion are neglected in the models by 
Henderson et al. [78] and Gibson et al. [76]. Florio et al.[79] developed a model that considered 
these effects and found they had little influence on the temperature inside the composite. The 
full balance equation in the Florio et al. model is expressed as: 
𝑚𝑔𝐶𝑃
𝜕𝑇
𝜕𝑡
= ?̇?𝑔∆𝐴∆𝑥𝐶𝑝
𝜕𝑇
𝜕𝑡
+ ∆𝐴∆𝑥
𝜕
𝜕𝑥
(𝑘𝜙
𝜕𝑇
𝜕𝑥
) + ℎ𝑟∆𝐴∆𝑥(𝑇𝑠 − 𝑇𝑔𝑟) + ∆𝐴∆𝑥
𝐷(𝜙𝑃)
𝐷𝑡
−
𝜕𝑚
𝜕𝑡
[−ℎ𝑔 + ℎ𝑔(𝑇𝑠) +
𝑣2
2⁄ ]         2.24 
where A is the cross sectional area, x is the thermal expansion of the control system,  is 
porosity, v is gas velocity and P is the internal gas pressure. The model assumes the 
decomposition gases behave ideally and that the specific internal energy of the solid is 
equivalent to the specific enthalpy of the solid. The model is able to predict the temperature, 
mass loss, porosity and volumetric expansion of the composite as well as the temperature, 
pressure, mass flux and mass storage of the gases. The model was validated by Florio et al. 
[81], through experimentation for a glass/phenolic composite exposed to at heat flux of 280 
kW/m2. The results shown in Figure 2.16 show good agreement between the theoretically 
predicted and experimentally measured temperatures.  
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Figure 2.16. Comparison of theoretical and experimental temperature profiles determined at 
different locations through a glass/phenolic composite exposed to a heat flux of about 280 
kW/m2. Figure sourced from [81]. 
The aforementioned models are focused on glass fibre reinforced polymers and lack sufficient 
validation for carbon fibres. The discussed models are based on 1D heat transfer theory as it is 
assumed the composite is exposed to a one-sided heat flux that is applied uniformly over the 
surface. A common feature of the thermal models is the lack of consideration for the interaction 
between the fire and composite. Multi-dimensional heat conduction models [90-93] have also 
been developed to determine the radiant and through-thickness temperature distribution 
through the composite material.  
2.2.5 Thermal-Mechanical Modelling of Composite Laminates under 
Compression Loading 
 
Thermal-mechanical models have been developed to analyse and predict the failure of 
composites under combined loading and one-sided heating. The thermal analysis for most 
models uses the temperature distribution through the material as a function of exposure time to 
the fire, assuming constant temperature along the length and width of the composite. Most 
models have focused on the prediction of mechanical properties under combined compression 
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loading and one-sided heating [69, 83, 88, 94-102], and this analysis has been performed for 
other loading conditions.  
Liu et al. [77] analysed the effect of thermal moments on the structural integrity of a composite 
laminate column under compressive load and one-sided heating. The composite is assumed to 
perform as an imperfect column which deforms by bending rather than buckling under a non-
uniform temperature profile. The model also considers the shift in the location of the neutral 
axis due to the temperature gradient, which induces a bending moment. The model determined 
the variations in lateral deflection as a function of load and heat flux. Results showed that at 
low temperatures, the composite column will bend away from the heat source, whist at higher 
temperatures the laminate bends towards the heat source. It was also concluded by Liu et al. 
that any moment induced by eccentric loading bends the structure away from the heat source.  
Bausano et al. [94] developed a model to predict the compressive response of a composite 
exposed to one-sided heating and compression loading. The temperature distribution through 
the laminate is determined using finite difference analysis and an average temperature and 
corresponding stiffness is assigned to each ply, as a function of time. The overall stiffness of 
the structure is calculated by using the temperature dependant ply properties using both finite 
element and classic lamination theory analysis (CLT). Using Budianskly and Fleck kinking 
failure model [103], the compressive strength of each ply is determined. The calculated strength 
is then compared to the CLT and FEA results, and when all plies have failed, total failure of 
the structure is assumed. The model was validated by Bausano et al. [94] for a glass/vinyl ester 
laminate and the results are shown in Figure 2.17. Good agreement is observed above 15 MPa, 
after which the model under-predicts the time to failure. This discrepancy is attributed to the 
neglect of creep effects in the model. The model by Bausano et al. [94] was modified by Boyd 
et al. [101] to include the effect of visco-elastic creep. The time-dependant compression 
strength model is expressed as: 
𝜎𝑐(𝑡, 𝑇, 𝜏) = 𝐺12(𝑡, 𝑇, 𝜏) [1 + 𝑛
∗ (
3
3
)
1
𝑛∗
(
?̅?
𝑦𝑦
⁄
𝑛∗−1
)
𝑛∗−1
𝑛∗
]
−1
                              2.25 
where G12 is the in-plane shear relaxation modulus. The model considers matrix visco-
elasticity, change in bulk shear modulus, progressive thermal softening and temperature-
dependant thermal properties. The model was  validated for glass/vinyl ester and showed good 
agreement, as shown in Figure 2.18. 
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Figure 2.17. Failure times determined from CLT and FEA predictions compared to 
experimental results at a heat flux of 20 kW/m2. Figure sourced from  [94]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18. Comparison of predicted and experimental failure times of a laminate when 
exposed to one-sided heating and compressive load. Figure sourced from [101]. 
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 Feih et al. [88] developed a model to predict the  reduction to the compressive strength for a 
woven E-glass/vinyl ester composite using a two-step analytical approach.. The first step of 
the model uses thermal analysis to calculate the temperature distribution through-the-thickness 
of the composite. Feih et al. [88] use the Gibson et al. [74] model to determine the temperature 
profile.  The second step of the model calculates the reduction in compressive strength by 
applying the thermal analysis information to the mechanical model. Compression strength 
degradation is dominated by viscous softening and matrix decomposition, and therefore the 
fibre softening process is not considered. Feih et al. [88] use the empirically-based tanh model 
proposed by Gibson et al. [104] to express the relationship between compression strength and 
temperature of the laminate as given by: 
𝜎𝑐(𝑇) = (
𝜎𝑐(𝑜)+𝜎𝑐(𝑅)
2
−
𝜎𝑐(𝑜)−𝜎𝑐(𝑅)
2
tanh(𝜙(𝑇 − 𝑇𝑘))) 𝑅𝑟𝑐(𝑇)
𝑛           2.26 
where (0) is the compression strength at room temperature, (R) is the residual compression 
strength at elevated temperature,  is a curve fitting function, T is the temperature, Tk is the 
temperature at which the room temperature property has dropped by 50%, Rrc is the remaining 
resin content. From this equation, the compression strength is calculated at many locations 
through-the-thickness of the composite. The average bulk compression strength is then 
calculated by integrating the values using Simpson numerical integration:  
𝜎𝑎𝑣 =
1
𝑡𝑠
∫ 𝜎(𝑥)𝑑𝑥
𝑡𝑠
0
                                                  2.27 
where t is time.  
Which expands to:  
∫ 𝜎(𝑥)𝑑𝑥 =
𝑡𝑠
3(𝜒−1)
[𝜎(𝑥0) + 4𝜎(𝑥1) + 2𝜎(𝑥2) + ⋯ + 2𝜎(𝑥𝜒−2) + 4𝜎(𝑥𝜒−1) +
𝑡𝑠
0
𝜎(𝑥𝜒)]            2.28 
 
Compressive failure is assumed to occur when the average strength is reduced to the 
compressive stress applied to the composite. Figure 2.19 shows the effect of applied 
compression stress on the failure time of fibreglass laminate material when exposed to different 
heat flux levels. The model shows reasonable agreement between experimental and predicted 
values at the higher heat fluxes.  
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The differences for the lower heat fluxes are attributed by Feih et al. [90] to the models neglect 
of time-dependent viscoelastic softening effects, such as creep. At lower heat fluxes it is 
possible that the composite does not reach its decomposition temperature and therefore creep 
processes do affect the composites behaviour, particularly at long times. At higher heat fluxes, 
the composite experiences a relatively short failure time as the temperature rapidly exceeds the 
matrix decomposition temperature, and it is therefore appropriate to neglect the temperature-
dependant creep processes. The model also assumes all plies fail simultaneously and that 
softening or oxidation of the fibres does not affect the compressive failure process. 
Delamination cracking and out-of-plane movement due to thermal moments are also neglected 
in the model. 
Figure 2.19. Comparison of theoretically predicted (solid curve) and experimental (data 
point) failure times at different heat fluxes for a woven glass-vinyl ester laminate subjected 
to compression loading. Figure sourced from [88]. 
 
Burns et al. [105] used the model developed by Feih et al. [90] to validate its use for a carbon 
fibre-epoxy laminate. The laminate was axially loaded in compression and simultaneously 
heated on one-side using a radiant heater to heat fluxes ranging from 10 kW/m2 to 50 kW/m2. 
Figure 2.20 shows good agreement between the experimental data and thermal-mechanical 
model predictions. Upon examination of the failed specimens, it was found by Burns et al. that 
the carbon fibre-epoxy laminate experienced extensive delamination cracking, caused by 
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thermal softening, and the heated surface plies had failed by micro-buckling. As the thermal-
mechanical model does not consider these processes it can be assumed they are accountable 
for the small discrepancies in predicting the time-to-failure. 
Figure 2.20. Comparison of theoretically predicted (curves) and experimental (data points) 
failure times at different heat fluxes of a carbon-epoxy laminate subjected to compressive 
loading. Figure sourced from [105]. 
2.2.6 Thermal-Mechanical Modelling of Composite Laminates under 
Tensile Loading 
 
The fire structural response model of composites under tensile loading is more complex than 
the previously described compression loading as the fibre reinforcement as well as the polymer 
matrix has a significant affect. Gibson et al. [69] developed a model using laminate analysis 
and Eqn 2.6 to predict the tensile deformation response of composites when exposed to one-
sided heating. The model was validated for woven glass-polyester and the results are shown in 
Figure 2.21. Gibson et al. [69] assigned a power law value n=0 as the tensile load-bearing 
capability is not significantly influenced by resin decomposition. Poor agreement is achieved 
between the predicted and experimental failure times due to the non-linearity of stress-strain 
behaviour in tension, which allows a greater amount of load sharing between plies than the 
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model predicts. To account for this, the model was refined by averaging the strengths across 
the section and this significantly improved the agreement, as shown in Figure 2.21.  
 
Figure 2.21.Comparison of predicted and experimental failure times for glass/polyester 
laminates under one-sided heating at a heat flux of 75 kW/m2 and tensile loading. Figure 
sourced from [69]. 
Feih et al. [70] developed a model for fibre glass composites involving a two-step analytical 
method. The first step of the model uses the Gibson et al. [74] model to compute the 
temperature profile through the composite. The data from this temperature profile can then be 
used to calculate the reduction in tensile strength of the polymer matrix, due to softening and 
decomposition, at different locations through-the-thickness of the composite.  The reduction in 
tensile strength of the fibre reinforcement is also determined at different locations through-the-
thickness of the composite; however, this is calculated as a function of temperature and heat 
flux exposure time using the equation: 
                                        𝜎𝑓𝑏(𝑗+1)(𝑇𝑎𝑣(𝑗+1)(𝑥𝑖), 𝑡𝑒𝑓𝑓,𝑗+1(𝑥𝑖) + ∆𝑡) = 𝜎𝑓𝑏(0) −
                               𝜎𝑙𝑜𝑠𝑠 (𝑇𝑎𝑣(𝑗+1)(𝑥𝑖)) 𝑡𝑎𝑛ℎ [𝑘 (𝑇𝑎𝑣(𝑗+1)(𝑥𝑖)) (𝑡𝑒𝑓𝑓,𝑗+1(𝑥𝑖) + ∆𝑡)]            2.29              
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where x defines a location in the through-thickness direction, Tav is the average temperature 
between the start and end for each time interval and Δt is the length of the time interval. It must 
be noted that this equation is only valid for silica-based fibres and thermo-oxidation would 
need to be considered if carbon fibres were used. With the determination of the tensile strength 
for both the polymer matrix and fibre reinforcement, the tensile strength can be calculated using 
rule-of-mixtures analysis. The average bulk tensile strength is then calculated by integrating 
the values, at different locations through the thickness, using Simpson numerical integration. 
 
 The model was validated experimentally by subjecting woven glass-vinyl ester composite to 
combined tensile loading and one-sided heating, with the results shown in Figure 2.22. The 
model shows reasonable agreement with the experimental data for higher heat fluxes, and 
accurately predicts the reduction in tensile strength to become more rapid with increasing heat 
flux. It also captures the steep reduction in tensile strength due to the softening of the fibre 
reinforcement. Discrepancies in the model can be accounted for by the neglect of thermal 
strain, pore formation, delamination and fibre-matrix debonding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22. Comparison of theoretically predicted (curve) and experimental (data points) 
failure times at different heat fluxes for a vinyl ester-glass composite subjected to tensile 
loading. Figure sourced from [70]. 
 
 
 
44 
 
Another study conducted by Feih et al.[83] uses the mechanical model developed by Mouritz 
and Mathys [106] with the thermal model proposed by Gibson et al. [74] to predict the time-
to-failure of a polymer laminate subjected to tensile loading with simultaneous one-sided 
heating. The mechanical model is a “two-layer model” based on rule-of-mixtures, and was 
originally developed to predict the residual tensile strength of polymer laminates following fire 
exposure. The “two-layer” model refers to a char layer nearest to the heat source and a virgin 
layer. The char layer is assumed to have a constant tensile strength and the virgin layer remains 
at the tensile strength at room temperature. However, this is not indicative of the materials true 
behaviour where the tensile strength at the interface between the two layers will be lowest. The 
model, as described in Mouritz and Mathys [106], gives the tensile strength as: 
𝜎𝑡 = (
𝑥𝑜−𝑥𝑐
𝑥𝑜
) 𝜎𝑡(𝑜) + (
𝑥𝑐
𝑥𝑜
) 𝜎𝑡(𝑐)     2.30 
To validate the thermo-mechanical model, Feih et al.[83] subjected a glass-vinyl ester 
composite to combined tensile loading and one-sided heating at heat flux levels between 50 
kW/m2 and 75 kW/m2. Figure 2.23 shows good agreement between the predicted and 
experimentally measured time-to-failure for the composite under tensile loading. For this case, 
it assumed the char region had no residual strength when heated to a temperature corresponding 
to complete matrix decomposition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.23. Comparison of theoretically predicted (curves) and experimental (data points) 
failure times at different heat fluxes in tensile loading for vinyl ester-glass composite. Figure 
sourced from [83]. 
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2.3 STRUCTURAL PROPERTIES OF FIBRE METAL LAMINATES AT 
HIGH TEMPERATURE ENVIRONMENTS  
 
Fibre Metal Laminates (FML) are hybrid composites consisting of alternating layers of metal 
sheets and fibre reinforced epoxy composite material. Most commonly in aerospace 
applications, the metal layer is aluminium alloy and the composite is glass fibre-epoxy. Several 
variants have been developed, each with different laminate lay-up and fibre orientations. For 
example, a 2/1 lay-up consists of a basic design of two layers of metal bonded by one layer of 
prepreg, and the pattern is repeated to achieve the desired thickness. Table 2.1 shows the 
different lay-ups of commercially available FMLs.  
Table 2.1. Commercially available FML. 
GRADE ALLOY LAMINATE ORIENTATIONS 
GLARE 1 7475-T76 Unidirectional 
GLARE 2 2024-T3 Unidirectional 
GLARE 3 2024-T3 0o/90o Cross-ply (50%-50%) 
GLARE 4 2024-T3 0o/90o/0o Cross-ply (67%-33%) 
GLARE 5 2024-T3 0o/90o/90o/0o Cross-ply (50%-50%) 
GLARE 6 2024-T3 +45o/-45o Cross-ply (50%-50%) 
 
FMLs demonstrate superior physical and mechanical properties compared to their constituents. 
FML have a lighter weight compared to the equivalent aluminium alloy due to the lower density 
composite layers. For example, the density of FML consisting of glass fibre laminate and 
aluminium alloy is ~2.0 g/cm3 compared to the aluminium alloy which is ~2.7 g/cm3. FML 
also have higher tensile strength, damage tolerance and fatigue resistance compared to the 
equivalent aluminium alloy [107]. FML have the ability to impede and arrest fatigure crack 
growth caused by cyclic loading [107]. Under flight conditions, the fatigue crack growth rate 
is 10-100 times slower than aluminium alloy due to the metal-composite interfaces inhibiting 
large-scale crack growth in the through-thickness direction [107]. 
The corrosion resistance of FML is also superior to aluminium alloys in the through-thickness 
direction. This is due to the composite layers which protect the mid-surface aluminium layers 
from moisture and reduce the occurrence of corrosion damage such as pitting and stress 
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concentration cracking. FML is used predominately for its high impact resistance. Studies 
conducted by Vlot [107] showed that the low energy impact resistance of FML is similar to 
aluminium alloy and superior to carbon fibre composites. At higher energy the FML has 
superior impact resistance than both aluminium and carbon fibre composite. FML also has the 
advantage over traditional composites in that impact damage can be easily identified through 
the plastic deformation and denting of the surface aluminium layers. Composites such as 
carbon fibre-epoxy laminates do not plastically deform and therefore damage can be difficult 
to visually detect. The superior impact resistance of FML was utilised in the cargo floor of the 
Boeing 777. FML is used on the A380 fuselage, Learjet 45 and Boeing 737.  
2.3.1 Mechanical Properties of Fibre Metal Laminates  
 
The mechanical properties of several FML under tensile loading are given in Table 2.2. The 
Young’s modulus is generally lower than the aluminium alloy constituent due to the lower 
modulus of glass fibre-epoxy. However, for unidirectional FML, the tensile strength is 
generally higher than the aluminium alloy constituent due to the glass fibres. In the transverse 
fibre direction, the composite layers offer little contribution and hence the strength of FML is 
lower than that of aluminium [108].  
Table 2.2. Tensile Properties of Fibre Metal Laminates [108]. The X/Y numbers refer to the 
number of aluminium alloys (X) bonded by the number of composite layers (Y). 
 Tensile Strength (MPa) Tensile Modulus (GPa) 
 Longitudinal Transverse Longitudinal Transverse 
GLARE 1 
3/2 
2/1 
 
1282 
1077 
 
352 
436 
 
65 
66 
 
50 
54 
GLARE 2 
3/2 
2/1 
 
1214 
992 
 
317 
331 
 
66 
67 
 
50 
55 
GLARE 3 
3/2 
2/1 
 
717 
662 
 
716 
653 
 
58 
60 
 
58 
60 
GLARE 4 
3/2 
2/1 
 
1027 
843 
 
607 
554 
 
57 
60 
 
50 
54 
2024-T3 455 448 72 72 
7075-T76 545 545 69 69 
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Both analytical and numerical modelling studies have been conducted to predict the in-plane 
tensile properties of FMLs [109-111]. These studies use a rule-of-mixtures approach 
considering the aluminium plasticity after yielding, restraining, and internal stress after curing. 
No studies have considered the effect of high temperature on the mechanical properties of 
FML.  
The failure mechanisms of FML are much harder to predict as there are many damage processes 
including matrix cracking, fibre-matrix debonding, fibre fracture, fibre-matrix interfacial shear 
failure, delamination within the laminate layers, and plastic yielding and possibly necking of 
the aluminium [108]. When laminates are loaded in tension in the fibre direction, failure occurs 
via fibre pull-out and interface-matrix shear mode. Again, the damage initiation and 
progression processes are not yet well understood at high temperatures.  
The mechanical properties of several FMLs under compression loading are given in Table 2.3. 
Under compression loading, the Young’s modulus is similar to the tensile modulus. The 
composite strength is dependent on the laminate lay-up sequence, with the failure stress 
increasing with the amount of glass fibres aligned in the load direction. The failure mechanisms 
under compression loading have not yet been studied along with the compression behaviour of 
FML at high temperatures.  
Table 2.3. Compressive Properties of Fibre Metal Laminates [108]. 
 Compressive Strength 
(MPa) 
Compressive Modulus (GPa) 
 Longitudinal Transverse Longitudinal Transverse 
GLARE 1 
3/2 
2/1 
 
424 
447 
 
403 
427 
 
67 
63 
 
51 
56 
GLARE 2 
3/2 
2/1 
 
414 
390 
 
236 
253 
 
67 
69 
 
56 
52 
GLARE 3 
3/2 
2/1 
 
309 
319 
 
306 
318 
 
60 
63 
 
60 
62 
GLARE 4 
3/2 
2/1 
 
365 
349 
 
285 
299 
 
60 
62 
 
54 
57 
2024-T3 304 345 74 74 
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2.3.2 Fibre Metal Laminates in Fire 
FML have superior fire resistance compared to aluminium alloy due to its low thermal 
conductivity. This results in a slower heat flow through-the-thickness of the FML. When 
exposed to fire, thin aluminium sheet (of thickness 1 to 2 mm) will burn through within a short 
period of time (<1 min) under a post-crash pool fire condition where the temperature can 
rapidly exceed ~1000oC.  In FML the aluminium layers are only of a maximum thickness of 
0.5 mm [112]. Hooijmeijer [112] showed that during flame testing of an FML at a temperature 
of 1100oC, the front aluminium sheet melts away within 10-20 seconds, exposing the glass 
fibre laminate layer underneath, as shown in Figure 2.24. The matrix phase begins to carbonise 
causing complete delamination of the laminate. This separation of the layers creates an 
insulating effect. The melting temperature of the glass fibres is above that of the flame 
temperature and therefore the glass fibres remain intact, creating an insulating fire barrier 
which slows heat conduction in the through-thickness direction.  
 
 
Figure 2.24. Fire damage on the glass fibre / aluminium laminate after exposure for 10 
minutes at 11000C. Figure sourced from [112]. 
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Vlot et al. [107] also conducted a study into the fire resistance of FMLs. Burn-through tests 
were conducted on different sized samples of GLARE that consisted of 0.5 mm 2024 T-3 layers 
in the layup sequence, [AA/0/90/0/AA/0/90/0/AA]. This is representative of passenger aircraft 
fuselage material.  The sample was subjected to a heat flux of 240 kW/m2, and the temperature 
distribution through-the-thickness of the FML was measured. As expected, the front aluminium 
layer immediately melted when exposed to the high heat flux, however as the glass fibre 
melting point is 1500oC, the laminate layers remained intact. The epoxy however burned and 
formed a thin char layer around the fibres. The results are shown in Figure 2.25. The 
temperature measured on the back surface layer reached only 400oC, and burn-through did not 
occur after ten minutes. The monolithic AA2024-T3 sample however, showed burn-through 
within 100 sec at 1150oC.  Apart from these studies, published research into the fire resistant 
properties of FMLs is lacking, including their structural response under combined mechanical 
loading and fire exposure, as well as their post-fire mechanical properties.  
 
Figure 2.25. Temperature through GLARE 4-3/2-0.5 during flame penetration testing. Figure 
sourced from [107]. 
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2.4 POST-FIRE MECHANICAL PROPERTIES OF AEROSPACE 
 STRUCTURAL MATERIALS   
 
The mechanical behaviour of aluminium alloys can be significantly degraded after exposure to 
a fire, however limited research has been published on the post-fire mechanical properties [31, 
113-116], focusing on 5xxx and 6xxx series alloys. Summers et al. [31] determined the 
mechanical behaviour of aluminium 5083-H116 and 6061-T651 at ambient conditions after 
exposure to 100 – 500oC. Summers et al. [31] found that the Young’s modulus for the 6061 
alloy was not affected by the fire exposure, however the 5083 alloy exhibited a 2% increase in 
modulus up to 300oC, before returning back to its original value above 350oC. Figure 2.26 
shows the measured reductions to the yield strength (0.2% offset) after exposure to different 
temperatures. The yield strengths reduce slightly at relatively low temperatures ~150-200oC 
for both alloys. The differences between the alloys are attributed to the grain structure in 5083-
H116 (strain hardening) and precipitates in 6061-T651 (precipitation hardening). The 5083-
H116 undergoes a two-stage property degradation. The alloy initially exhibits a small reduction 
in yield strength between 150 – 280oC, and this is due to static dislocation recovery and then 
experiences a more rapid reduction in yield strength between 280-360oC and this is due to grain 
recrystallization. Summers et al. [31] found that the 6061-T651 undergoes a single stage 
property reduction at ~200oC due to precipitate growth. Chen et al. [116]  found similar results 
for the post-fire mechanical properties of 7xxx series. The specimens were initially heated to 
temperatures up to 550oC and then cooled to ambient temperature in air before tensile tests 
were performed. The results showed that the 7075-T73 regained elastic modulus after fire 
exposure, however the yield strength rapidly decreased after cooling down from temperatures 
exceeding 200oC, with a reduction of ~70%. The alloy regained ~50% of its original yield 
strength after exposure to 550oC, shown in Figure 2.27.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 2.26. Measured reductions to the yield strength (0.2% offset) after exposure to 
different temperatures at different heating rates for aluminium alloys of a) AA5083 and b) 
AA6061. Figure source from [31].  
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Figure 2.27. Residual yield strength after post-fire tension testing for AA7075-T73. The 
values are normalised to the room temperature yield stress. Figure sourced from [116]. 
 
 
The post-fire mechanical properties of laminates have been determined at different thermal 
fluxes and exposure times to represent a range of fire conditions [50, 66, 106, 113, 117-121]. 
The research reveals that the post-fire properties are dependent on the fire temperature, heating 
time, load condition, and the decomposition properties of the polymer matrix. Sorathia et al. 
[50, 119, 120] determined the post-fire flexural strength of glass fibre and carbon fibre 
composites when exposed to the heat flux of 25 kW/m2 for 20 minutes.  The composites showed 
large reductions in strength with epoxy matrix laminates showing the greatest reduction, as 
shown in Figure 2.28. Other studies conducted by Pering et al. [75] and Mouritz [118] also 
found that epoxy matrix laminates had poor post-fire mechanical properties due to the high 
flammability and rapid thermal decomposition. Pering et al. [75] conducted post-fire 
mechanical property tests on carbon fibre-epoxy laminates following exposure to a heat source 
(540 – 980oC) for a short time and the results are shown in Figure 2.29. Mouritz [118] also 
measured large reductions to the post-fire mechanical properties for carbon fibre-epoxy, glass 
fibre-epoxy and aramid fibre-epoxy laminates in fire. 
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The reduction to the post-fire mechanical properties of the laminates was attributed to thermal 
degradation and decomposition of the matrix.  Pering et al. [75] found that the reduction to the 
post-fire tensile properties of carbon fibre-epoxy laminates was due mostly to thermal 
decomposition while the reduction to the post-fire shear properties were due mostly to the 
formation of char. The char region increases rapidly with increasing temperature and exposure 
time and hence the post-fire properties of the laminates are quickly degraded. Mouritz et al. 
[106, 117] found that the mechanical properties of char are very low, typically less than 10-
20% of the original properties of the composite. Other studies have also found correlations 
between the amount of charring and the post-fire mechanical properties, showing that an 
increase in the char thickness correlated to reductions in the elastic modulus and flexural 
strength [75,106,117,118]. Keller et al. [122] developed a model considering different damage 
regions within the laminate. The onset temperatures of glass transition and decomposition 
where used to determine the different layers of undamaged composite, partially degraded 
composite with 30% residual stiffness and fully degraded composite. There have been no 
published studies to date on the post-fire mechanical properties of FML.  
 
Figure 2.28. Post-fire flexural strength of different laminates following fire testing at the 
heat flux of 25 kW/m2 for 20 minutes. Figure sourced from [50]. 
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Figure 2.29. Effect of temperature and heating time on the post-fire tensile strength of a 
carbon fire-epoxy laminate. Figure sourced from [75]. 
 
2.5 SUMMARY  
 
Although much research has been published on the fire response of aluminium alloys, the 
studies have been confined to non-age-hardenable alloys [32-41]. The fire response of the age-
hardenable alloys (eg. AA2xxx, AA7xxx) used in aircraft structure, may be different due to the 
particle coarsening. Limited elevated temperature mechanical property data is available for the 
aerospace grade aluminium alloy series 2xxx and 7xxx. The fire structural survivability of 
aluminium alloys has been extensively studied, however this research has again largely focused 
on AA5xxx and AA6xxx [6,32-41] Feih [41] and Khatibi et al. [32] developed a thermal-
mechanical model to predict the fire-under-load response of aluminium under compression and 
tension loading, respectively. However, these models have not been validated for aerospace 
grade alloys (2xxx and 7xxx).  
Many studies have examined the fire reaction behaviour of structural composite materials [46-
48,50-64,85,92,123,124], providing a substantial database on their heat release rate, time-to-
ignition, flame spread, gas emission, smoke density and smoke toxicity. This knowledge is 
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important to be able to assess the fire safety of composite materials. Less knowledge, however 
is available on the structural response of  composites when exposed to fire or high temperatures. 
Knowledge on the materials ability to maintain its structural integrity is fundamental for the 
safety analysis on load-bearing aircraft composite structures. Although there has been some 
research into the structural performance of laminates in fire 
[1,6,33,39,40,65,70,83,88,94,95,104,124-126], much of this research focuses on fibreglass 
composites under compressive loading. Carbon-fibre laminates are used more extensively in 
aircraft and therefore their fire performance needs to be investigated. A small number of studies 
have examined the properties of carbon-fibre laminates, concentrating on fire reaction 
properties [1,123,127] and the structural response under compression loading 
[105,125,128,129].  
A number of thermal models have been developed and validated through experimental testing 
on composite laminates [49,74-76,79,81,85,87,91,130-132].  The models developed by 
Henderson et al. [76] and Pering et al. [75] neglected the effects of internal pressure due to 
volatile gases and thermal expansion of the laminate during decomposition. Although the 
predictions showed good agreement with experimental results, the models were improved by 
Florio et al. [79] and Henderson and Weicek [81] to include thermal expansion and internal 
pressure. These models however showed little improvements in accuracy between predicted 
and experimental results. Understanding that the influence of these inclusions was negligible, 
Gibson et al. [74] developed a model that has been extensively validated, and shows good 
agreement between predicted and experimental results. Again due to the extensive use of glass 
reinforced laminates in naval applications, many of these models have been focused on this 
material. The model developed by Gibson et al. [74] has been validated for carbon fibres, 
however the other aforementioned models lack such validation.  
There has also been many published studies into thermo-mechanical models that analyse the 
softening and predict failure of laminates under combined compressive loading and one-sided 
heating [66,68,77,83,88,94,95,101,102,104,129,133]. The thermal analysis remains similar 
among the models, with many considering the temperature distribution through the materials 
as a function of time to predict the reduction in mechanical properties. Again many of these 
focus on glass fibre reinforced composites under compressive loading and lack validation to 
allow for broader application. A small number of studies [105,125], however, have considered 
the compressive failure of carbon fibre-epoxy laminates in fire, although the composites were 
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a non-aerospace grade material. There have been far fewer studies considering the fire tensile 
properties of composites [69,70,83] as softening and failure of both the polymer matrix and 
fibre reinforcement must be considered.    
Fibre metal laminates have been used on the Airbus A380; however there is very little 
information available on their fire structural behaviour. No models have been developed to 
predict the thermal or mechanical response of fibre metal laminates exposed to fire. 
The existing research has largely focused on the mechanical response and failure mechanisms 
of fibreglass laminates and aluminium alloy 5083. The body of work regarding carbon fibre 
reinforced composites, aerospace grade aluminium alloys and fibre metal laminates is little. 
Based on the literature review, it is apparent that a lack of analysis exists for current aerospace 
structural materials, specifically carbon fibre-epoxy, fibre metal laminates and aerospace grade 
aluminium alloys, and hence this provides the rationale for this PhD research project.  
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CHAPTER 3: FIRE STRUCTURAL ANALYSIS AND 
TESTING OF AEROSPACE GRADE ALUMINIUM ALLOYS 
ABSTRACT 
 
This chapter investigates the performance of aerospace aluminium alloys AA2024 and AA7075 
under high temperature and fire conditions. The structural fire performance of these aluminium 
alloys under both tension and compression loading is analysed using a coupled thermal-
mechanical finite element (FE) model. The FE model requires material input data that is 
determined experimentally through high temperature mechanical testing of the aluminium 
alloys up to a temperature of 400oC as well as creep data determined by isothermal creep 
testing.  
The thermo-mechanical model used to calculate the fire structural response of aluminium under 
tension and compression loading is validated using data obtained from artificial fire-under-load 
tests performed at two different heat fluxes (35 kW/m2 and 50 kW/m2). Both alloys reached 
the same front face temperature when exposed to the same radiant heat flux. However, the heat 
transfer though-the-thickness was more rapid for the AA7075 which reached higher back 
surface temperatures due to the higher thermal conductivity. The higher temperature of the 
AA7075 accelerated softening causing the alloy to fail sooner than the AA2024. The structural 
survivability of the AA7075 was hence inferior, under both tension and compression loading, 
to the AA2024 when exposed to the same radiant heat flux.  
Some of the research presented in this chapter has been published in: 
Grigoriou, K. Mouritz, A.P. Comparative assessment of the fire structural performance of 
carbon-epoxy composite and aluminium alloy used in aerospace structures. Materials & 
Design  (2016), Vol. 108, pp. 699-706 
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3.1 INTRODUCTION 
Aluminium alloys are one of the most commonly used materials for aircraft structures. As 
identified in the literature review presented in Chapter 2, the fire response of age-hardenable 
aluminium alloys is not well known. A large body of research has been published on the fire 
response of non-age hardenable alloys [6, 26, 28, 32, 33, 35-42, 45, 134]; however, particle 
coarsening at elevated temperature may affect the fire performance of age-hardenable alloys in 
the AA2xxx and AA7xxx series.  
This chapter presents a study to investigate the mechanical, thermal and fire structural 
performance of aerospace structural grade alloys AA2024 and AA7075 under tension and 
compression loading. Thermal-mechanical analysis developed by Khatibi et al. [32] and Feih 
et al. [41] is used to predict the fire structural performance of the alloys under tension loading 
and compression loading, respectively. Mechanical properties of the aluminium alloys is 
determined experimentally for the model through isothermal tension testing between 25oC and 
400oC and creep testing performed at temperatures between 230oC and 340oC and constant 
stress levels between 10 MPa and 50 MPa. The thermal analysis is validated by thermal flux 
exposure tests performed on the AA2024 and AA7075 alloys at heat fluxes of 35 kW/m2 and 
50 kW/m2. These heat flux values cause the surface of the aluminium alloys to reach 325oC 
and 450oC respectively. The FE analysis is validated by fire-under-load tests performed at loads 
ranging from 10% to 80% of the room temperature yield stress for tension or buckling stress 
for compression. The thermal response, deformation and structural survivability of the 
aluminium alloys is determined under tension and compression loads, which are important load 
states acting on aircraft structures.  
3.2 STRUCTURAL ANALYSIS OF ALUMINIUM ALLOYS IN FIRE 
Thermal-mechanical modelling was used to compute the structural resistance of the aluminium 
alloys under both tension and compression loading when exposed to fire. The model has two 
components: thermal analysis to calculate the through-thickness temperatures and mechanical 
analysis to compute the softening caused by reductions to the elastic modulus, yield stress and 
creep resistance. The thermal-mechanical model used to predict failure under tension and 
compression loading was developed by Khatibi et al. [32] and Feih et al. [41], respectively, and 
is validated in this chapter for AA2024 and AA7075.  
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3.2.1 Thermal Analysis of Aluminium Alloys 
The analysis is performed using the FE code ABAQUS (Version 6.12). The aluminium plate 
is modelled with eight-node continuum shell elements (Type SC8RT) with temperature degrees 
of freedom.  It was found that having one element in the thickness of the plate with five 
integration points together with the global element area of 5 x 5 mm2 provided the optimum 
balance between convergence and computation time. Figure 3.1 shows the final failure and 
necking initiation times calculated using the model for mesh sizes ranging from 3 x 3 mm2 to 
10 x 10 mm2. Results become grid independent for mesh sizes equal to or smaller than ~5 x 5 
mm2. 
Figure 3.1. Effect of mesh size on the thermo-mechanical modelling results under tension 
loading [32]. 
 
Figure 3.2. Modelled aluminium plate (surface view). 
The thermal analysis calculates the nodal temperatures of the aluminium plate when exposed 
to one-sided heating with increasing time. The boundary conditions to the FE model are 
determined by the temperature-time profiles at discrete points along the specimen length, 
measured experimentally. The model does not compute the dynamics of the fire itself, however 
Final Failure 
Necking Initiation 
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the model used here assumed a known temperature from the fire is radiated on to the aluminium 
surface. Three-dimensional heat conduction theory is used to determine the heat transfer 
through the aluminium alloy using:  
                             𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑥
[𝑘𝑥(𝑇)
𝜕𝑇
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝑇)
𝜕𝑇
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝑇)
𝜕𝑇
𝜕𝑧
]                3.1 
where  is the material density, T is the temperature, t is the heating time, Cp is the specific heat 
capacity and k is the thermal conductivity. The subscripts, x, y and z refer to the transverse, 
longitudinal and through-thickness direction of the plate, respectively. 
The thermal conductivity, k, of the aluminium depends on the temperature and the alloy type. 
At room temperature the thermal conductivity is between 100-250 W/mK depending on the 
alloy [140]. The thermal conductivity of aluminium then increases at elevated temperature. The 
thermal conductivity of AA7075 at room temperature is 130 W/mK, which is slightly higher 
than AA2024 which is 121 W/mK and defined as [140]: 
𝑘(𝑇)𝐴𝐴2024 = 0.1T+118 (W/mk)     3.2 
𝑘(𝑇)𝐴𝐴7075 = 0.06T+128 (W/mk)    3.3 
The specific heat of aluminium is similar between different alloys. For the aluminium alloys 
used in this study, the specific heat capacity is dependent on the temperature according to [27]: 
𝐶𝑝(𝑇) = 0.41𝑇 + 903 (J/kg/
oC)    3.4 
At room temperature the specific heat capacity for AA2024 is 0.88 J/kgoC, which is slightly 
lower than for AA7075 at 0.96 J/kgoC.  
3.2.2 Tensile Analysis of Aluminium Alloys in Fire 
 
Once the nodal temperatures have been calculated for increasing increments of fire exposure 
time, it is possible using the FE model to calculate the softening and deformation of the 
aluminium plate at each nodal point under an applied tensile load. This mechanical analysis is 
based upon the three softening processes that occur when metals are exposed to fire: elastic 
softening caused by the reduction to the Young’s modulus with increasing temperature; time-
independent plastic softening caused by the reduction to the yield and ultimate tensile strengths 
with increasing temperature; and time-dependant creep plastic softening with increasing 
temperature and time.  
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The Young’s modulus at any node location in the aluminium plate is related to the nodal 
temperature using [32]: 
                                           𝐸(𝑇) =
𝐸𝑜
2
(1 − tanh(𝜙(𝑇 − 𝑇50%)))     3.5                                       
where 𝐸𝑜 is the elastic modulus of the aluminium alloy at room temperature, 𝑇50% is the 
temperature at which the elastic modulus is reduced by 50% from the room temperature value, 
𝑇 is the temperature, and 𝜙 is described as the breadth of the modulus-temperature curve. 𝑇50% 
and 𝜙 must be determined experimentally from elevated temperature tensile tests performed 
on the alloy.  
 
The reduction to the yield stress and increase to the elastic strain limit of the aluminium alloy 
at any nodal point is dependent on the temperature. The true stress-strain curves must be 
determined experimentally for the temperature range of the fire. Using these curves, the FE 
model can calculate changes to the tensile elastic-plastic properties for each element with 
increasing heat exposure time based on the nodal temperature and applied tensile stress.  
 
Tensile plastic deformation of the aluminium due to creep is calculated using a modified 
version of the Dorn and Harmathy model [44]. The material strain rates during the primary, 
secondary and tertiary creep stages are given by: 
                            𝜀?̇?𝐼+𝐼𝐼+𝐼𝐼𝐼 = 𝜀?̇?𝐼𝑐𝑜𝑡ℎ
2 (
𝜀𝐶𝐼+𝐼𝐼+𝐼𝐼𝐼+𝜀𝑐𝑜𝑛𝑠𝑡
𝜀𝐶𝑜+𝜀𝑐𝑜𝑛𝑠𝑡
) (
𝜀∗𝐶𝐼+𝐼𝐼+𝐼𝐼𝐼
𝜀𝐶𝑙𝑖𝑚
)    3.6                   
where 𝜀?̇?𝐼 is the steady-state strain rate during the secondary creep stage and 𝜀𝑐𝑜𝑛𝑠𝑡 is an 
infinitesimal creep strain to avoid numerical singularity at t = 0. 𝜀𝐶𝑜 is the strain at t = 0. 𝜀𝐶𝑙𝑖𝑚 
is the limit creep strain at the beginning of the tertiary stage. The steady-state strain rate during 
the secondary creep stage, 𝜀?̇?𝐼, is calculated using: 
𝜀?̇?𝐼 = 𝐴𝐼𝐼𝜎𝑡
𝑛𝐼𝐼𝑒(
−𝑄𝐼𝐼
𝑅𝑇
)
      3.7 
where AII is the pre-exponential factor for secondary creep, 𝑛𝐼𝐼 is the secondary creep exponent, 
QII is the creep activation energy, R is the Boltzmann constant, t is the applied tensile stress 
and T is the temperature.  Values for AII,  𝑛𝐼𝐼  and QII  must be measured experimentally via 
creep testing of the aluminium alloy.    
The creep strain at t = 0, 𝜀𝐶𝑜, is calculated using: 
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𝜀?̇?0 = 𝐴𝐼𝜎𝑡
𝑛𝐼𝑒(
−𝑄𝐼
𝑅𝑇
)
      3.8 
where AI is the pre-exponential factor, 𝑛𝐼 is the creep exponent and QI is the creep activation 
energy for primary creep. These parameters must also be determined from creep testing of the 
aluminium alloy. Figure 3.2 shows a schematic of a typical creep curve which defines some of 
the creep parameters in Eqn 3.7. 
 
The total tensile strain of the aluminium alloy during fire exposure can then be calculated using: 
                                   𝜀(𝑡, 𝑇) = 𝜀𝑒𝑙(𝑇) + 𝜀𝑝(𝑇) + 𝜀𝑐(𝑡, 𝑇) + 𝜀𝑎(𝑇)                       3.9 
𝜀𝑒𝑙(𝑇) =
𝜎𝑡
𝐸(𝑇)
       3.10 
𝜀𝑎(𝑇) =  𝛼(𝑇 − 𝑇∞)                                  3.11 
where 𝜀𝑒𝑙 is the strain caused by elastic softening, 𝜀𝑝 is the strain caused by plastic softening, 
𝜀𝑐 is the strain caused by creep, and 𝜀𝑎 is the strain caused by thermal expansion.  
 
The model calculates the thermal expansion of each element with increasing time based on 
temperature. The coefficient of thermal expansion for different aluminium alloys varies only 
slightly. At room temperature the coefficient of thermal expansion is 23.2 µm/moC for AA2024 
and 23.6 µm/moC for AA7075. The coefficient of thermal expansion for both aluminium alloys 
is hence expressed as a function of temperature: 
𝛼(𝑇) = 0.005𝑇 + 23  (µm/moC)     3.12 
 
A Fortran code is used to solve the creep model which is then integrated into the FE model 
using the ABAQUS ‘user subroutine’ functionality. The FE model uses the elastic softening, 
plastic softening, creep softening and thermal expansion to calculate the heating times required 
to cause tensile failure. A full description of the model can be found in [32]. 
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Figure 3.3. Schematic of a typical creep curve. The primary, secondary and tertiary stages 
are represented by I, II and III respectively. 
 
3.2.3 Compression Analysis of Aluminium Alloys in Fire 
 
Once the nodal temperatures have been calculated, mechanical analysis can also be used to 
calculate the elastic and plastic deformations of aluminium alloys under compression loading. 
The FE model involves a two-step approach including analysis of the deformed specimen 
profile during initial compressive loading and then thermo-mechanical analysis of the 
deformations of the structure due to the temperature profile and degradation of material 
properties with increasing temperature. The thermo-mechanical model uses coupled analysis 
of the temperature and the strain deformations caused by elastic softening, time-independent 
plastic softening and time-dependant creep softening effects. The strain deformation caused by 
thermal expansion is also calculated.  
The compressive failure load of the aluminium alloys in the form of a long, slender beam, due 
to Euler buckling can be calculated using: 
                                                      𝑃𝑏𝑢 =
𝜋2
𝐿2
𝐸𝐼                                                            3.13 
where  𝑃𝑏𝑢 is the buckling load, E is the Young’s Modulus, L is the unsupported length, and I 
is the moment of inertia. It is assumed that the ends of the laminate are simply-supported.  
𝜀?̇?𝐼 
𝜀𝑙𝑖𝑚 
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The elastic and inelastic responses in ABAQUS are described by an additive relationship [32]: 
𝜀̇ = 𝜀?̇?𝑙 + 𝜀?̇?𝑛𝑒𝑙      3.14 
where 𝜀̇ describes the total strain rate, 𝜀?̇?𝑙 is the elastic strain rate and 𝜀?̇?𝑛𝑒𝑙 is the inelastic strain 
rate. The FE model calculates the stiffness and compliance for each volume element of the 
model using Young’s modulus – temperature data for the aluminium alloy, which is measured 
experimentally. The model calculates the rise in temperature of each element with increasing 
time, and then the modulus data is used to calculate the changes in stiffness and compliance 
with each time increment [32]: 
𝜎𝑒𝑙 = 𝐸(𝑇)𝜀𝑒𝑙      3.15 
Based on this the model can analyse the changes to the global compressive stiffness and 
compliance of the aluminium when exposed to fire.   
Plastic softening and deformation of the aluminium is then analysed using the same approach 
as tensile loading, as described above. The von Mises yield criterion is applied with 
temperature-dependant isotropic hardening. True stress-strain curves for aluminium at elevated 
temperature are used as input data to calculate the reduction in plastic yield stress and increase 
to the elastic strain limit as the aluminium is heated by fire. By using the temperature-dependant 
stress-strain curves, the FE model calculates changes to the flow stress and plastic strain for 
each element with increasing time on the basis of the nodal temperature and external 
compressive stress. Using these calculations, the reduction to the residual strength and changes 
in plastic strain is calculated. 
The FE model then calculates the change to the creep strains throughout the aluminium for 
increasing time. The model analyses the primary and secondary stages of creep [32]: 
                                                      𝜀?̇?𝐼+𝐼𝐼 = 𝜀?̇?𝐼𝑐𝑜𝑡ℎ
2 (
𝜀𝐶𝐼+𝐼𝐼+𝜀𝑐𝑜𝑛𝑠𝑡
𝜀𝐶𝑜+𝜀𝑐𝑜𝑛𝑠𝑡
) (
𝜀∗𝐶𝐼+𝐼𝐼
𝜀𝐶𝑙𝑖𝑚
)               3.16 
where 𝜀?̇?𝐼 is the steady-state strain rate during the secondary creep stage and 𝜀𝑐𝑜𝑛𝑠𝑡 is an 
infinitesimal creep strain to avoid numerical singularity at t = 0. 𝜀𝐶𝑜 is the strain at t = 0. 𝜀𝐶𝑙𝑖𝑚 
is the limit creep strain at the beginning of the tertiary stage. A Fortran code is used to solve 
the creep model, which is then integrated into the FE model using the ABAQUS ‘user 
subroutine’ functionality.  
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The effect of thermal expansion on the axial displacement of the aluminium over the duration 
of the fire is also analysed as in the mechanical analysis under tension loading. The model 
calculates the thermal expansion of each element with increasing increments of time on the 
basis of temperature. The thermal expansion of the individual elements is then combined to 
determine the global expansion or contraction of the aluminium over the course of the fire.  
The combined effects of elastic softening, time-independent plastic softening, creep softening 
and thermal expansion are used to calculate the deformation of the structure and the property 
changes that initiate instability and compressive failure of the aluminium structure when failure 
occurs by Euler buckling.  
3.3 MATERIALS AND EXPERIMENTAL METHODS  
The aluminium alloys used in the experimental testing were the aerospace alloys AA2024-T3 
and AA7075-T6 (supplied by Alcoa) in the form of a rolled flat plate. The AA2024-T3 is 
solution heat treated, cold worked and then naturally aged to a substantially stable condition. 
The AA7075-T6 is solution heat treated and artificially aged. The alloy composition and 
mechanical properties for each alloy is shown in Table 3.1 and Table 3.2 respectively.  
Table 3.1. Alloy composition for a) AA2024-T3 and b) AA7075-T6. 
a)                                                                                b) 
AA7075-T6 
Component Wt. % 
Al 87.1-91.4 
Cr 0.18-0.28 
Cu 1.2-2 
Fe 0.5 
Mg 2.1-2.9 
Mn 0.3 
Si 0.4 
Ti 0.2 
Zn 5.1-6.1 
 
 
 
 
AA2024-T3 
 Component Wt. % 
Al 90.7 – 94.7 
Cr 0.1 
Cu 3.8 -4.9 
Fe 0.5 
Mg 1.2-1.8 
Mn 0.3-0.9 
Si 0.5 
Ti 0.15 
Zn 0.25 
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Table 3.2. Mechanical properties for a) AA2024-T3 and b) AA7075-T6. 
                               a) b) 
AA7075-T6 
Tensile Strength (MPa) 560 
Yield Strength (MPa) 460 
Modulus of Elasticity (GPa) 72 
Elongation at Break (%) 6.4 
 
3.3.1 High Temperature Mechanical Testing of Aluminium Alloys 
 
The specimens for the mechanical property tests were dog-bone shaped with a gauge length of 
130 mm, width of 4 mm, and thickness of 6 mm, as shown in Figure 3.4. The tensile properties 
of the aluminium alloys were measured at temperatures between 20oC and 400oC. The 
aluminium specimens were loaded parallel to the rolling direction of the plate. The tensile tests 
were performed using a 100 kN Instron machine at a loading rate of 1 mm/min. A 10 mm gauge 
extensometer was attached to record strain. The specimens were heated using a heating 
cartridge, as shown in Figure 3.5. The samples were soaked at the test temperature for 30 
minutes before being loaded to failure to ensure an isothermal temperature throughout the 
gauge section. Testing was conducted at room temperature and then at 50oC temperature 
increments between 50oC and 400oC. Each test was performed 3-4 times to determine the 
average value and scatter in the tensile modulus and yield stress.  
 
 
 
Figure 3.4. Aluminium alloy dog bone sample for mechanical property tests. 
Exposure of metallic structures to elevated temperatures and constant elastic loading can result 
in creep. Creep parameters need to be experimentally determined to be able to predict the 
structural response of the aluminium under fire conditions. Isothermal creep tests were 
performed on the aluminium alloys using the same dog-bone shape coupons as used for the 
tension tests. The samples were heated to the creep test temperature and then loaded to the 
creep test stress using the creep testing machine shown in Figure 3.6. The tests were performed 
at constant temperatures between 230oC and 340oC and constant stress levels between 10 and 
50 MPa, as shown in Table 3.3.  
 
AA2024-T3 
Tensile Strength (MPa) 469 
Yield Strength (MPa) 324 
Modulus of Elasticity (GPa) 73.1 
Elongation at Break (%) 20 
250 mm 
4 mm 
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Figure 3.5. Elevated temperature tensile tests using the heating cartridge attached to a 100 
kN Instron machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Creep testing machine. 
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Table 3.3. Temperature and stress levels of the creep tests on the AA2024 and AA7075. 
 Temperature (oC) 
σ 
(MPa) 
230 240 250 260 270 280 290 300 310 320 330 340 
50 x x x x x x x x x x x x 
40        x     
30        x     
20        x     
10        x     
 
3.3.2 Thermal Flux Exposure Testing of Aluminium Alloys 
 
The aluminium alloys were exposed to the thermal flux while under no load to measure the 
thermal response using a temperature controlled radiant heater which is shown in Figure 3.7. 
The heater is the heating element used in a cone calorimeter, which is a test method commonly 
used to characterise the fire reaction properties of materials. Table 3.4 shows the heater set 
point temperature and corresponding heat flux as well as the element temperature.  Figure 3.8 
shows multiple temperature-time curves measured for the radiant heater at the two heat fluxes 
for verification of repeatability. The temperature is measured using a thermocouple attached to 
the heating element. Multiple tests confirmed consistency in the heater temperatures, with the 
variability being less than 10oC. 
 
The specimens for the thermal flux exposure tests had a length of 600 mm, width of 50 mm 
and thickness of 6.4 mm, although only the centre 100 mm section was exposed to the heat 
source. This region exposed to the heat source was coated with black paint to increase the 
emissivity of the aluminium. The rest of the sample was insulated using Fiberfrax® 550 K 
ceramic fibre wool. The emissivity of the aluminium alloys was determined experimentally 
using a DIGITECH QM7226 non-contact infrared thermometer. The test was conducted by 
coating the aluminium alloy in black paint as per the fire-under-load tests. A constant heat flux 
was applied to the aluminium alloy front surface with a thermocouple attached on the back 
surface to record temperature. The emissivity value was then changed on the non-contact 
thermometer until the thermometer temperature matched the temperature recorded by the 
thermocouple. The emissivity was measured to be 0.90 for aluminium alloys coated in black 
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paint. It is expected that the emissivity values will change with increasing temperature, 
although this was not measured due to difficulties in getting a direct line-of-sight between the 
IR camera and aluminium samples during fire structural testing. 
 
 
 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 3.7. Image of a) the radiant heater and b) temperature controller used in the fire-
under-load tests. 
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Table 3.4. Cone heater set point temperature, heat flux and element temperature. 
Set Point 
Temperature (oC) 
Heat Flux 
(kW/m2) 
Element 
Temperature (oC) 
260 10 250 
400 25 370 
460 35 500 
540 50 590 
600 75 640 
 
The specimen and heater were in a vertical orientation with the heater placed 25 mm from the 
sample. The temperature of the aluminium alloys was determined by placing K-type 
thermocouples on the front and back surfaces of the sample. The thermocouples were held 
rigidly in place using thin steel wire as shown in Figure 3.9. The temperatures were recorded 
using a DT85 Series 2 data logger using the software DeLogger at one data point per second. 
Multiple tests were conducted on different samples at heat fluxes of 35 and 50 kW/m2 for 2000 
seconds to ensure consistency.  
 
 
Figure 3.8. Temperature-time curves measured at the heating element in the radiant heater. 
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3.3.3 Fire-Under-Load Testing of Aluminium Alloys 
 
Small-scale fire-under-load tests were performed on the aluminium alloys to assess the fire 
resistance. This test is designed to replicate the condition of a loaded plate exposed to one-
sided heat flux representative of a possible fire scenario. Testing involved pre-loading the 
aluminium samples to a constant tension or compression stress while simultaneously heating 
one side. The specimens for the fire-under-load tests had a length of 600 mm, width of 50 mm 
and thickness of 6.4 mm, although only the centre 100 mm section was exposed to the heat 
source. This region exposed to the heat source was coated with black paint to increase the 
emissivity of the aluminium. Figure 3.9 shows a schematic of the test. The loads were applied 
to the specimens using a 250 kN MTS machine. The loads ranged from 10% to 80% of the 
room temperature yield stress for tension or buckling stress for compression. The average 
tensile yield stress was 360 MPa for the AA2024 and 555 MPa for the AA7075 at 20oC, as 
shown in Figure 3.10. The average buckling stress was 39 MPa for the AA2024 and 42 MPa 
for the AA7075 at 20oC, as shown in Figure 3.10. 
 
When under the load, a 100 mm long section of the sample was exposed to a constant heat flux 
of 35 or 50 kW/m2 as described in Section 3.3.1. The temperatures were measured for all the 
fire structural tests at the front and back face of the samples to ensure validity. Two samples 
were tested for each heat flux and stress condition. For testing under compressive load a linear 
variable differential transformer (LVDT) was fitted to the test rig to measure the out-of-plane 
displacements at the mid-point of the specimens.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 3.9. a) Schematic of the fire structural test and b) 250 kN test machine used for tests. 
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a) 
 
 
 
b) 
Figure 3.10. Stress-strain curves at room temperature for the AA2024 and AA7075 fire-
under-load test samples under a) tension loading and b) compression loading. 
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3.4 RESULTS AND DISCUSSION 
3.4.1 Elevated Temperature Properties of Aluminium Alloys 
The FE model used to predict the fire structural performance of aluminium alloys requires 
material property data. The effect of temperature on the tensile modulus and elastic stress limit 
defined by the yield stress of the aluminium alloys as well as the creep properties were 
determined experimentally. 
 
 The tensile modulus of the aluminium alloys was measured for temperatures up to 400oC, as 
shown in Figure 3.11a. The stress-stain curves for each alloy with increasing temperature is 
shown in Figure 3.12. It is shown that the Young’s modulus decreases as temperature increases 
independently of the alloy and its treatment. Both alloys show a decrease in modulus above 
~120-150oC, which is a similar onset temperature for elastic softening of other aluminium 
alloys [26]. Above this temperature, the stiffness of the aluminium alloys decreases rapidly and 
at the maximum test temperature of 400oC it had lost ~50% of the original modulus value. 
 
Kandare et al. [34] expressed the relationship between Young’s modulus and temperature using 
the semi-empirical equation: 
𝐸(𝑇) =
𝐸𝑜
2
(1 − tanh(𝛷𝐸(𝑇 − 𝑇𝐸50%)))   3.17 
where 𝐸𝑜 is the Young’s modulus of the aluminium at room temperature, 𝛷𝐸  is a material 
constant describing the temperature range over which the modulus is reduced, 𝑇50% is the 
temperature at which the aluminium has lost half its stiffness and T is the temperature. 𝐸𝑜 , 𝑇50% 
and 𝛷𝐸 must be fitted to the elevated temperature data of the aluminium as shown in Figure 
3.11a. The fitted values obtained from the elevated temperature tests of the AA2024 and 
AA7075 are given in Table 3.5.  
 
The effect of increasing temperature on the tensile yield stress of the aluminium alloys is shown 
in Figure 3.11b.  AA2024 experiences a loss in strength above ~100oC while the AA7075 loses 
strength at ~150oC.  The AA7075 shows a much more rapid decrease in yield stress compared 
to the AA2024. This can be explained by the different tempers, AA7075 is a T6 temper whereas 
AA2024 is a T3 temper. T6 is artificially aged to create a stable condition through the formation 
of intermetallic precipitate particles, giving the extra strength at room temperature. T3 is only 
naturally aged, therefore with the moderate increase in temperature (<100oC) the yield stress 
 
 
 
75 
 
increases due to precipitation hardening before decreasing due to precipitation coarsening. The 
rapid loss in strength above ~250oC is due to recovery and recrystallization of the aluminium 
alloys. Aluminium alloys undergo metallurgical transformations, such as elimination of 
dislocations, precipitate formation and coarsening, reduction in the solid solution concentration 
of solute elements due to precipitation, and changes to the grain texture and size due to 
recrystallization and grain growth.  
 
The effect of temperature on the tensile yield stress is calculated using the same tanh function 
as was in Eqn 3.17: 
                                             𝜎(𝑇) =
𝜎𝑜
2
(1 − (tanh(𝛷(𝑇 − 𝑇50%)))                                 3.18 
where 𝜎𝑜 is the room temperature strength of the aluminium, 𝛷 is a material constant describing 
the temperature range over which the strength is reduced, 𝑇50% is the temperature at which the 
aluminium has lost half its strength, and T is the temperature. 𝜎𝑜, 𝑇50% and 𝛷 must be fitted to 
the elevated temperature data of the aluminium, and the calculated reduction in yield stress 
with increasing temperature is shown by the curve in Figure 3.11b. The fitted values obtained 
from the elevated temperature tests are given in Table 3.6.  
 
It is seen in Figure 3.11 that no property data is provides at temperatures above 400oC, and this 
was due to the limitation in the high temperature testing equipment available. However, the 
property value must drop to zero at the melting temperature of the aluminium alloys (~660oC) 
allowing the curve to be extrapolated based on the tanh function. Furthermore, high 
temperature property data for other aluminium alloys show he same trend as indicated by the 
curve  
 
Creep tests on the AA2024 and AA7075 were performed at temperatures between 230 – 340oC 
at a constant elastic stress of 50 MPa to measure the creep pre-exponent factor (A) and 
activation energy (Q). Tests were also performed at stress levels between 10 – 50 MPa at a 
constant temperature of 300oC to determine the creep stress component (n).  
 
The creep strain-time curves for the AA2024 and AA7075 at different temperature, are shown 
in Figure 3.13. The steady-state creep strain rate was determined from these curves, and its 
natural logarithm was plotted against the reciprocal of absolute temperature, as shown in Figure 
3.14 and Figure 3.15. The activation energy was calculated to be 98 kJ/mol for AA2024 and 
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165 kJ/mol for AA7075.  Figure 3.16 shows the plot of ln II against ln  measured for AA2024 
and AA7075. Large scatter was observed for the aluminium creep properties as shown in Figure 
3.15 and 3.16, and this has been reported by others for other materials [27,34,43,44,101]  The 
scatter in the creep properties and higher creep resistance of the AA7075 can be caused by 
microstructural variability as well as a non-uniform growth and distribution of creep cavitation 
at grain boundaries and precipitate within the alloy.  
 
 
Table 3.5. Fitted parameters used for the tensile strength models. 
Property AA2024 AA7075 
Tensile modulus. 𝐸𝑜 (GPa) 71 
Fitted mechanical glass transition temperature, 𝑇𝐸50% (
oC) 400 
Fitted value, 𝛷𝐸 0.005 
Tensile strength, 𝜎𝑜 (MPa) 340 530 
Fitted mechanical glass transition temperature, 𝑇50% (
oC) 350 250 
Fitted value, 𝛷𝜎 0.005 0.005               
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a) 
 
 b) 
Figure 3.11. a) Young’s modulus of AA2024 and AA7075 with increasing temperature, the 
solid line is fitted using Eqn 3.15. b) Yield strength of AA2024 and AA7075 with increasing 
temperature, the solid line is fitted using Eqn 3.16. 
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a) 
b) 
Figure 3.12. Stress-strain curves at elevated temperature for a) AA2024 and b) AA7075. 
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a) 
b) 
Figure 3.13. a) Plots of creep strain vs loading time for a constant stress level of 50 MPa at 
different test temperatures for a) AA2024 and b) AA7075. 
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a) 
 
b) 
Figure 3.14. a) Plots of creep strain vs loading time for a constant temperature of 300oC at 
different test stresses for a) AA2024 and b) AA7075. 
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                                                                                    a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 3.15. a) Plot of lnII against 1/T for a constant stress level of 50 MPa for AA2024. b) 
Plot of lnII against ln at a constant temperature of 300oC for AA2024. 
  Q=98 kJ/mol 
(K) 
n= 2.3 MPa-2.275 
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 a) 
b) 
Figure 3.16. a) Plot of lnII against 1/T for a constant stress level of 50 MPa for AA7075. b) 
Plot of lnII against ln at a constant temperature of 300oC for AA7075. 
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3.4.2 Thermal Response of Aluminium Alloys 
 
The temperature rise of the aluminium alloys when exposed to the incident thermal flux of 35 
kW/m2 and 50 kW/m2 during fire testing are compared in Figure 3.17 and Figure 3.18. The 
solid curves show the temperatures measured using the thermocouples attached to the front and 
back surfaces of the aluminium alloys. Multiple tests were conducted at each heat flux for 
verification of repeatability with the variability found to be less than 30oC. Maximum 
temperatures of 325oC and 450oC were reached at the heated surface when the AA2024 and 
AA7075 were exposed to 35 kW/m2 and 50 kW/m2, respectively.  The front surface 
temperatures were similar due to the similar emissivity values of the two alloys.  
 
The aluminium alloys undergo an initial transient heating phase and then reach a steady-state 
temperature. At the higher heat flux, the heat-up rate of the back surface was slower for the 
AA2024 and hence there was a larger temperature differential through-the-thickness of the test 
sample. This is due to the lower thermal conductivity of the AA2024. The thermal conductivity 
(k) and specific heat capacity (Cp) values for AA7075 (k = 130W/m K; Cp = 0.96 kJ/g
oC) are 
higher than those of AA2024 (k = 121 W/m K; Cp = 0.875 kJ/g
oC), and hence the AA7075 
shows a faster heat transfer through the material.   
Figure 3.19 shows the calculated temperature rise of the aluminium alloys at 35 and 50 kW/m2. 
The temperatures were calculated using the thermal model, Eqn 3.1, which was solved using 
thermal property data given in Table 3.6. To date, this model has only been used to calculate 
the thermal response of non-aerospace grade aluminium alloys to fire, such as AA5083 and 
AA6061 [32].  It has not been used to calculate the temperature of aerospace alloys, including 
AA2024 and AA7075. The curves show that the calculated temperatures were in good 
agreement with the measured temperatures. The curves are compared to the experimentally 
measured average front surface temperature of each alloy.  
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a)  
 
b) 
Figure 3.17. Multiple temperature-time profiles at a constant heat flux of 35 kW/m2 for a) 
AA2024 and b) AA7075. 
0 500 1000 1500
0
50
100
150
200
250
300
350
Back Surface
T
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
Front Surface
q= 35 kW/m2
0 500 1000 1500
0
50
100
150
200
250
300
350
Back Face
T
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
Front Face
q= 35 kW/m2q = 35 kW/m2 
q = 35 kW/m2 
 
 
 
85 
 
a)  
b) 
Figure 3.18. Multiple temperature-time profiles at a constant heat flux of 50 kW/m2 for a) 
AA2024 and b) AA7075. 
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a) 
b) 
Figure 3.19. Comparison of the average experimental (solid) and calculated (dotted) 
temperature at the front surface of the a) AA2024 and b) AA7075 when exposed to a 
constant heat flux. 
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Two common aircraft fire scenarios were also considered for both aluminium alloys. The 
cellulosic (~150 kW/m2) and hydrocarbon (~200 kW/m2) fire conditions are commonly used 
in the fire qualification of structural materials. A hydrocarbon fire scenario (UL1709) is used 
to generate a thermal environment similar to that experienced during a fire where petrol or oil 
is the fuel source. A cellulosic fire scenario (ASTM E119) is used to generate a thermal 
environment similar to that experienced during a fire where materials such as woods and fabrics 
are the fuel source. Figure 3.20 shows the hot surface temperatures of both alloys when exposed 
to the fire scenarios, as calculated by the thermal model. Aluminium alloys melt at ~660oC [26] 
and hence the alloys reach their melting temperature within 540 seconds when exposed to the 
cellulosic fire and 180 seconds when exposed to the hydrocarbon fire. The temperature-time 
curves for two relatively low heat fluxes, 10 and 25 kW/m2, are also shown in Figure 3.20. 
 
 
Figure 3.20. Calculated hot surface temperature of AA2024 and AA7075 when exposed to 
different fire conditions. 
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Table 3.6. Property data used to determine the fire structural properties of the aluminium 
alloys. 
Property AA2024 AA7075 
Density (g/cm2) 2.75 2.81 
Thermal conductivity (W/mK) 121 130 
Specific heat capacity (J/kg/oC) 0.87 0.96 
Coefficient of thermal expansion (µm/mK) 23 23 
Activation energy (kJ/mol) 98 165 
Pre-exponential factor  3 1.55 
Creep exponent factor (MPa) 5 2.3 
 
 
3.4.3 Fire-Under-Load Response of Aluminium Alloys under Tensile 
Loading 
3.4.3.1 Tensile Deformation Response of Aluminium Alloys  
 
Figure 3.21 and 3.22 show the axial displacements of the AA2024 and AA7075 alloys during 
the fire-under-load tests performed at different tensile load levels at the heat fluxes of 35 and 
50kW/m2. The loads are expressed as the percentage of the yield stress at room temperature. 
The aluminium alloys initially expand at a linear rate due to thermal expansion when exposed 
to the heat flux. As expected, this increase in axial deformation occurs at a faster rate for the 
AA7075 due to the greater rate of heating through-the-thickness. The large increases in axial 
extension corresponds to the necking of the aluminium which occurs rapidly and leads to 
tensile failure. This deformation occurred for both alloys, irrespective of the applied tensile 
stress except when the sample did not failure at the threshold stress value.  
                                                                                                                                                 
The theoretical curves calculated using the FE model are shown by the dashed lines in Figures 
3.21 and 3.22, and are compared to the experimental solid curves. Some inaccuracy may be 
due to the simplifying assumption that the creep activation energy decreases linearly with 
increasing temperature.  
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Necking initiation times were calculated for the alloys from the displacement curves and the 
effect of applied tensile stress on the time needed to initiate necking deformation is shown in 
Figure 3.23. The curves show the necking times calculated using the FE model and the data 
points show the measured times. The necking initiation times increase with decreasing applied 
stress and heat flux for both alloys. The time to initiate necking is longer for the AA2024, 
especially at the lower heat flux, due to its slower heat up rate. The agreement between the 
measured and calculated necking times are good.  
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b) 
Figure 3.21. Axial extension curves at different applied tensile loads and a constant heat flux 
of 35 kW/m2 for a) AA2024 and  b) and AA7075. The dashed curves are calculated using the 
model. 
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b) 
Figure 3.22. Axial extension curves at different applied tensile loads and a constant heat flux 
of 50 kW/m2 for a) AA2024 and b) AA7075. The dashed curves are calculated using the 
model. 
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b) 
Figure 3.23. Calculated (solid line) and measured (data points) time to initial necking of the 
plate for a) AA2024 and b) AA7075. 
3.4.3.2 Fire Structural Response of Aluminium Alloys Under Tensile 
Loading 
 
Figure 3.24 shows the effect of applied stress on the tensile rupture times of the AA2024 and 
AA7075 at two heat flux levels. Multiple tests were conducted at each load level to ensure 
consistency in results. The data points show the experimentally measured failure times, and as 
expected, these increase with decreasing applied stress and heat flux for both alloys. The failure 
times of the AA2024 were longer due to its lower thermal conductivity which creates a larger 
temperature differential through-the-thickness of the sample and results in a cooler back 
surface temperature for a longer period of time. The solid curves in Figure 3.24 were calculated 
using the thermal-mechanical model which was developed for non-age hardenable alloys. The 
agreement between the model and the experimental data is good for both alloys. The results 
show there is significant scatter in the failure times of the aluminium alloys particularly when 
exposed to relatively low tensile stress levels. Other studies report similar behaviour for the 
tensile deformation and failure of aluminium exposed to a thermal flux, with the scatter in the 
failure times increasing when the applied stress is reduced [32]. Deformation and failure is 
controlled by elastic softening, plastic softening and creep, with creep being the dominant 
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process when aluminium is subjected to low stress and when the failure times are long. The 
creep strain rate properties, such as the secondary creep activation energy, are highly variable 
for some alloys and this is due presumably to microstructural effects such as non-uniform 
distribution of precipitates and variable grain sizes.  Such variability is the cause for the large 
scatter in the failure times of aluminium under simulated fire conditions. Figure 3.25 shows the 
failed specimens after fire-under-load tests. Failure at shorter heat exposure times resulted in a 
more brittle fracture than failure at longer heat exposure times where failure occurred by a more 
ductile fracture.  
Thermal-mechanical analysis was also undertaken for the aluminium alloys when exposed to 
the heat flux of 10, 25, 150 or 200 kW/m2. Figure 3.26 shows the calculated failure times of 
the AA2024 and AA7075 with increasing applied tensile stress. As expected, the failure times 
increased with decreasing applied load, however both alloys failed within a few hundred 
seconds at very low load (~ 25 MPa) due to both alloys reaching the melting temperature 
(~660oC).  
 
a) 
0
50
100
150
200
250
300
350
0 500 1000 1500 2000
35 kW/m2
Thermal Flux Exposure Time (s)
A
p
p
lie
d
 T
e
n
s
ile
 S
tr
e
s
s
 (
M
P
a
)
run-out
50 kW/m2
 
 
 
94 
 
b) 
Figure 3.24. Comparison of the experimental and predicted failure times under combined 
tensile loading and constant heat flux for a) AA2024 and b) AA7075. The data points were 
measured experimentally and the solid curves were calculated using the model. 
 
 
 
 
 
 
 
 
 
a)                b)            
Figure 3.25. Failed specimens after fire-under-load tests at applied loads of a) 30% and b) 
80% of the room temperature yield stress at 50 kW/m2. 
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  a) 
 
b) 
Figure 3.26. Calculated failure times when under combined tensile loading and one sided 
heating for the a) AA2024 and b) AA7075. 
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3.4.4 Fire-Under-Load Response of Aluminium Alloys Under 
Compression Loading 
 
This section presents the analysis on aluminium alloys subjected to combined one-sided 
heating and compression loading. Experimental results from fire-under-load tests performed at 
different heat fluxes and compressive load levels are described. The deformations, failure times 
and failure modes of the aluminium alloys are determined in the experimental tests and a 
thermal-mechanical model is validated.  
3.4.4.1 Compressive Deformation Response of Aluminium Alloys 
 
The structural performance of both aluminum alloys under combined compression loading and 
uniform one-sided heating was determined experimentally at the heat fluxes of 35 and 50 
kW/m2.  Figure 3.27 and 3.28 show the in-plane displacement and Figure 3.29 and 3.30 show 
the out-of-plane deflection of the alloys when loaded at compression stress levels at certain 
percentages of the room temperature buckling load and simultaneously exposed to the heat 
fluxes of 35 or 50 kW/m2. The solid curves show the experimental data and the dashed curves 
show the FE predictions for the in-plane displacement and out-of-plane deflection of the 
sample.  
 
The in-plane displacement initially rises at a linear rate with heat flux exposure time due to 
thermal expansion. As expected, the in-plane displacement increases at a faster rate at the 
higher heat flux and for the AA7075 as it has a faster heat up rate. There is no significant out-
of-plane deflection during this time. The rate of in-plane displacement decreases after a specific 
heating time dependent on the stress level, however this heating time is longer for AA2024. 
The out-of-plane deflection of the sample also increases and this signifies the onset of failure, 
dominated by irreversible creep deformation, as a plastic hinge develops. As the plastic hinge 
begins to spread across the heated region, the in-plane displacement decreases. The out-of-
plane deflection hence increases rapidly and the plate plastically buckles. Figure 3.31 shows 
the failed samples after exposure to the heat source at low or high compression loads.  Failure 
of the sample occurs rapidly under high applied loads and high heat flux, as shown by the 
abrupt drop in the in-plane displacement and a corresponding rapid rise in the out-of-plane 
deflection.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 3.27. In-plane displacement curves when subjected to combined compression loading 
and one-sided heating at a heat flux of 35 kW/m2 for a) AA2024 and b) AA7075. The dashed 
curves are calculated using the model. 
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a) 
 
b) 
Figure 3.28. In-plane displacement curves when subjected to combined compression loading 
and one-sided heating at a heat flux of 50 kW/m2 for a) AA2024 and b) AA7075. The dashed 
curves are calculated using the model. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 3.29. Out-of-plane displacement curves when subjected to combined compression 
loading and one-sided heating at a heat flux of 35 kW/m2 for a) AA2024 and b) AA7075. The 
dashed curves are calculated using the model. 
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a) 
        
   b) 
Figure 3.30. Out-of-plane displacement curves when subjected to combined compression 
loading and one-sided heating at a heat flux of 50 kW/m2 for a) AA2024 and b) AA7075. The 
dashed curves are calculated using the model. 
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  AA2024               AA7075           AA2024  AA7075 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                           
a)       b) 
Figure 3.31. Failed specimens after fire-under-load tests at applied compression loads of a) 
30% and b) 80% of the room temperature buckling stress at 50 kW/m2. 
 
3.4.4.2 Fire Structural Response of Aluminium Alloys Under 
Compression Loading 
 
Figure 3.32 shows the effect of applied compressive stress on the failure time of the two 
aluminium alloys at different heat flux levels. Failure time is defined as the exposure time to 
the thermal flux needed to cause the sample to collapse via Euler buckling, at which point it 
can no longer carry the applied load. The data points were measured experimentally and the 
solid curves were calculated using the thermal-mechanical model. As expected, the failure 
times increased with decreasing applied stress and heat flux for both alloys due to reductions 
in the elastic, plastic and creep softening rates. The failure time increased rapidly when the 
applied stress was reduced with the AA2024 reaching a threshold failure stress, where failure 
did not occur, at 60% (~23 MPa) and 30% (~12 MPa) of the room temperature buckling stress 
at 35 kW/m2 and 50 kW/m2 respectively. The threshold failure stress of the AA7075 alloy at 
35 kW/m2 and 50 kW/m2 was 50% (~21 MPa) and 10% (~4 MPa) of the room temperature 
buckling stress, respectively. The AA7075 was structurally inferior to the AA2024 under 
compression loading due to the higher temperature through-the-thickness of the sample which 
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accelerated the softening of the aluminium. The agreement between the measured and 
calculated failure times is good. Again, some discrepancies may be due to the high variability 
of the creep properties as well as the simplifying assumption that the creep activation energy 
is constant. The model over-estimates the failure times compared to the experimentally 
measured times at the lower heat flux. The calculated failure times are highly sensitive to 
several factors, and a small error in the input data can result in the model over-predicting the 
times. These factors include the input temperatures and creep values. A recent study [141] has 
undertaken a detailed analysis of the structural response of aluminium alloys in fire and the 
factors that cause scatter.  
Figure 3.33 shows the calculated failure times of the AA2024 and AA7075 with increasing 
applied compression stress when exposed to the cellulosic and hydrocarbon fire conditions. 
The failure times under compression loading are much shorter at these extreme fire conditions, 
failing in under 500 seconds at relatively low compression stress (~15 MPa). These short failure 
times are due to the aluminium alloys reaching a melting temperature of ~660oC within 500 
seconds of exposure to the heat source.  
 
 
a) 
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b) 
Figure 3.32. Comparison of the experimental and predicted failure times when under 
combined compression loading at a constant heat flux for a) AA2024 and b) AA7075. The 
solid curves were calculated using the model. 
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b) 
Figure 3.33. Calculated failure times when under combined compression loading and 
exposure to cellulosic and hydrocarbon fire conditions for the a) AA2024 and b) AA7075. 
3.5 CONCLUSIONS 
 
High temperature testing revealed that the softening rate at elevated temperature was similar 
for both alloys, however the AA7075-T6 showed a much more rapid decrease in yield stress 
due to its temper. Following thermal exposure, the AA2024-T3 also had a higher tensile failure 
stress than the AA7075-T6.  
 
The research presented in this chapter demonstrates that AA2024-T3 is structurally superior to 
AA7075-T6 under both tension and compression loading for both heat fluxes of 35 kW/m2 and 
50 kW/m2. The AA7075 has a higher thermal conductivity than the AA2024, causing the back 
surface to reach higher temperatures. The higher temperature of the AA7075 accelerates 
softening causing the samples to experience larger deformations at a given load percentage. 
The rate of expansion however is similar between the alloys due to their similar coefficient of 
thermal expansion.  
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The thermal-mechanical model developed by Khatibi et al. [32] was validated to calculate the 
tensile failure stress and compressive failure stress and deformations of both the AA2024 and 
AA7075 when exposed to one-sided heating by fire. The model showed good agreement with 
experimental results for the aerospace grade aluminium alloys at the heat flux of 35 kW/m2 and 
50 kW/m2, and is used to calculate the failure stress at other common heat flux conditions.  
.   
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CHAPTER 4: FIRE STRUCTURAL ANALYSIS AND   
   TESTING OF AEROSPACE GRADE CARBON 
   FIBRE-EPOXY COMPOSITES  
ABSTRACT 
 
A comparative study into the reductions to the tension failure stress and compression buckling 
stress of four aerospace-grade quasi-isotropic laminates when exposed to fire is presented in 
this chapter. An experimental investigation is performed into the effect of the ply stacking 
pattern of quasi-isotropic carbon fibre-epoxy laminates on their structural properties in fire.  
The structural performance of the laminates under both tension and compression loading when 
exposed to fire is determined analytically. High temperature mechanical testing of the 
laminates is undertaken up to 400oC for both tension and compression loading. Small-scale 
simulated fire-under-load tests are performed on the laminates with different stacking 
sequences of the 0o, 90o, +45o and -45o plies loaded in tension or compression.  
Testing revealed that the internal temperature of the quasi-isotropic laminates depends on the 
ply stacking pattern. Laminates with 0o plies at the mid-plane have higher internal but lower 
back face temperatures than composites with 45o mid-plane plies. Laminates with 0o mid-plane 
plies experience more extensive heat-induced delamination cracking, which restricts 
conductive heat flow by lowering the effective through-thickness thermal conductivity. The 
tension softening rate and stress rupture time of quasi-isotropic laminates also depends on the 
ply stacking pattern, most notably at low applied tensile stresses. Laminates with 45o mid-plane 
plies weaken at a faster rate and fail earlier when exposed to fire than laminates with 0o mid-
plane plies. However, the fire response of quasi-isotropic laminates under compression loading 
appears less sensitive to the ply stacking sequence, due in part to their much shorter failure 
times.  
Changes to the tensile properties of the laminates after exposure to the heat source are also 
investigated. The properties are determined at room temperature after exposure to the heat 
fluxes of 25 – 75 kW/m2 for 250 seconds or to a heat flux of 50 kW/m2 for increasing times up 
to 1500 seconds.  
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The research reveals that the structural survivability of carbon fibre-epoxy laminates used in 
aircraft and other light-weight structures when exposed to fire can be influenced by the ply 
stacking sequence, with composites with 0o mid-plane plies having superior performance.  
Much of the research presented in this chapter has been published in the following papers: 
Grigoriou, K. Mouritz, A.P Comparative assessment of the fire structural performance of 
carbon-epoxy composite and aluminium alloy used in aerospace structures. Materials & 
Design  (2016), Vol. 108, pp. 699-706 
Grigoriou, K. Mouritz, A.P Influence of ply stacking pattern on the structural properties of 
quasi-isotropic carbon-epoxy laminates in fire. Composites Part A (2017), Vol. 99, pp. 113-
120  
4.1 INTRODUCTION 
 
A long-standing concern with using carbon fibre-epoxy laminates in aircraft structures is their 
high flammability and potentially inferior structural performance compared to aluminium, 
titanium and other aerospace alloys in the event of an in-flight or post-crash fire, as discussed 
in Chapter 1. Composites such as carbon fibre-epoxy laminate are a potential fire hazard due 
to the heat, smoke and toxic fumes released when they burn. Epoxy resins without flame 
retardant additives are highly flammable and decompose almost completely to volatiles and 
carbonaceous char over a temperature range of approximately 350 – 550oC, which is below the 
temperature of many aircraft fires.  
 
Structural integrity is also a concern due to thermal softening and pyrolysis of the epoxy matrix 
and weakening of the carbon fibres. The fire reaction properties of carbon fibre-epoxy 
laminates (e.g. ignition, heat release rate, smoke density, smoke toxicity) have been extensively 
studied [1,46,49,57,63,64], however less information is available on their structural performance 
in fire. A limited amount of research has been performed on the deformation, softening and 
failure of carbon fibre laminates under combined mechanical loading and fire exposure. These 
studies, which are reviewed in Chapter 2, were performed on the types of carbon fibre-epoxy 
laminates not commonly used in aircraft structures due to their low glass transition 
temperatures and ply orientations. 
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Most carbon fibre-epoxy laminates used in aircraft structures have a quasi-isotropic or near 
quasi-isotropic ply stacking pattern. The arrangement of the 0o, +45o, -45o and 90o plies is a 
design variable dependent on several factors. Composite structures subjected to bending loads 
often have 0o plies at the surfaces whereas laminates carrying shear-dominated stresses or at 
risk of impact may have 45o surface plies. The ply stacking pattern also depends on the 
thickness; thin laminates are often designed with the fibre direction changing per ply layer (e.g. 
[0/+45/-45/90]) whereas thick laminates may be designed in multiple layers of the same ply 
orientation (e.g. [0n/+45n/-45n/90n], where n is usually 2, 3 or 4).  
 
Published research on the structural performance of carbon fibre-epoxy laminates in fire has 
been confined to composites with a single ply stacking pattern. Similarly, there have been a 
large number of studies published on the structural properties of glass, basalt and natural fibre 
composites exposed to fire, as discussed in Chapter 2 [1,65,67,70,83,85-88,94-97, 
99,100,102,104,129,135,136], although the effect of the ply stacking pattern on their 
performance has not been evaluated. The influence, if any, of the ply stacking pattern on the 
structural properties of quasi-isotropic laminates in fire is not known. It is also important to 
consider the degradation to the mechanical properties of composites when damaged by fire. 
The effect of fire on the mechanical properties of composites has been previously investigated 
[1,73,75,123,133,137,138] however the research has been confined to a single ply stacking 
pattern. 
 
An experimental study is presented in this chapter into the influence of the ply stacking pattern 
of aircraft structural-grade quasi-isotropic carbon fibre-epoxy laminates on the structural 
properties in fire. Thermal-mechanical analysis developed by Feih et al. [88] is used to 
calculate the fire structural performance of the laminates under tension and compression 
loading.  Mechanical properties of the laminates are determined experimentally through 
isothermal tension and compression testing. The thermal analysis is validated by thermal flux 
exposure tests performed on the laminates at heat fluxes of 35 and 50 kW/m2. These heat flux 
values cause the laminate surface to reach 550oC and 720oC respectively. The mechanical 
analysis is validated using experimental data obtained from fire-under-load tests performed at 
loads ranging from 10% to 80% of the room temperature tensile failure or compressive 
buckling stress.  The effect of the ply stacking pattern on the thermal response, deformation 
and structural survivability of aerospace-grade carbon fibre-epoxy laminates is determined 
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under tension and compression loads. The changes to the tensile properties of the laminates 
after exposure to radiant heat are also investigated.  A practical objective of this study is to 
provide aircraft designers with a better understanding of the structural performance of carbon 
fibre-epoxy laminates during and following fire exposure, and how the ply stacking pattern of 
quasi-isotropic laminates can be tailored to increase the structural survivability when exposed 
to fire.  
 
Combustion and burning of composite materials can affect their structural response in fire [1]. 
However, the fire-under-load test method used lacked a controlled way of assessing the 
flammability of the composite materials and therefore its effect on the structural response could 
not be studied in a controlled system 
4.2 STRUCTURAL ANALYSIS OF CARBON FIBRE REINFORCED 
POLYMER COMPOSITES IN FIRE  
 
Thermal-mechanical modelling was used to compute the structural properties of carbon fibre-
epoxy laminates when exposed to fire. Different models have been developed to predict the 
structural behaviour of composites when exposed to one-sided heating and loading and these 
models are described in Chapter 2. The model used in this study consists of two-analytical 
components: thermal analysis to compute the through-thickness temperature of the laminate 
and mechanical analysis to calculate reductions to the tensile and compressive properties 
caused by fire.  
4.2.1 Thermal Analysis of Carbon Fibre Reinforced Polymer 
Composites 
 
A Fortran program known as COMFIRE is used to compute the thermal response of the carbon 
fibre-epoxy laminates in fire. Thermal analysis of the laminate is performed using a modified 
version of the model developed by Henderson et al. [81] for glass fibre-polymer laminates in 
fire. The 1D model can predict the temperature rise in the through-thickness direction of a glass 
fibre laminate in which the polymer matrix undergoes thermal decomposition. The model 
considers the effect of heat conduction through the composite, volatile convection and matrix 
decomposition through-the-thickness of the laminate: 
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                               𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
= 𝑘
𝜕2𝑇
𝜕𝑥2
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𝜕𝑘
𝜕𝑥
𝜕𝑇
𝜕𝑥
− ?̇?𝑔𝐶𝑃𝑔
𝜕𝑇
𝜕𝑥
−
𝜕𝜌
𝜕𝑡
(𝑄𝑖 + ℎ − ℎ𝑔)                       4.1 
where T, t and x are the temperature, time and distance below the fire-exposed surface, 
respectively. is the instantaneous density of the composite material, which decreases when 
the matrix decomposes. Mg is the mass flux of volatiles. h and hg are the enthalpies of the 
composite and evolved gas, respectively. Q is the endothermic decomposition energy of the 
polymer matrix. Cp and k are the specific heat and thermal conductivity of the composite, which 
are determined using rule-of-mixtures: 
 
𝑘(𝑇) = 𝑓𝑣𝑖𝑟𝑔𝑖𝑛𝑘𝑣𝑖𝑟𝑔𝑖𝑛 + 𝑓𝑐ℎ𝑎𝑟𝑘𝑐ℎ𝑎𝑟                                        4.2                           
𝐶𝑝(𝑇) = 𝑓𝑣𝑖𝑟𝑔𝑖𝑛𝐶𝑃,𝑣𝑖𝑟𝑔𝑖𝑛 + 𝑓𝑐ℎ𝑎𝑟𝐶𝑃,𝑐ℎ𝑎𝑟                                    4.3 
where 𝑓 is the volume fraction of the virgin or fully decomposed (charred) composite. 
 
By solving Equation 4.1 for increasing temperature and heating time through the finite 
difference method, it is possible to calculate the temperature at any time and through-thickness 
location in the laminate.  Once the material reaches a sufficiently high temperature, chain 
scission reactions occur and the resin component degrades to form gaseous products. It is 
assumed that the fibres are inert and do not decompose, even though carbon fibres can oxidize 
at high temperature. The decomposition reaction rate of the polymer matrix is expressed by the 
mass loss rate. This can be calculated using the first-order Arrhenius relationship where the 
polymer matrix decomposes via a single-stage reaction process; 
                                                       
𝜕𝑚
𝜕𝑡
= −𝐴𝑖𝑚𝑜 [
𝑚−𝑚𝑓
𝑚𝑜
]
𝑛𝑖
𝑒
(−𝐸 𝑅𝑇)⁄                                           4.4 
where Ai, E and n are the pre-exponential factor, activation energy and order of reaction, 
respectively. The parameters mo, mf and m are the initial, final and instantaneous mass of the 
material, respectively. R is the universal gas constant. The kinetic parameters (Ai, E, n) in 
Equation 4.4 must be measured experimentally using thermogravimetric analysis (TGA). 
The heat exchange process between the fire and laminate during fire exposure is controlled by 
natural convection and free radiation. No forced heat convection is assumed in the analysis. 
The thermal boundary condition is therefore expressed as: 
        𝑞 = −𝑘
𝜕𝑇
𝜕𝑥
 𝑎𝑡 𝑥 = 0 𝑜𝑟 𝑥 = 𝑙 𝑓𝑜𝑟 𝑡 ≥ 0                                           4.5 
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where q is the heat flux absorbed by the front hot face or heat flux emitted from the cold back 
surface, k is the thermal conductivity of the laminate in the through-thickness direction, x is the 
spatial coordinate in the through-thickness direction, and l is the thickness of the laminate.  
The total heat flux, q, absorbed by the front hot face of the laminate is determined by: 
        𝑞 = 𝜎(𝜀𝑠𝛼𝑚𝑇𝑠𝑐
4 − 𝜀𝑚𝑇𝑐
4) + ℎ𝑛𝑐(𝑇𝑠𝑐 − 𝑇𝑐)                                      4.6 
where σ is the Stefan Boltzmann constant, εs is the emissivity of the heating source, αm is the 
absorptivity of the hot face of the laminate, Tsc is the surrounding temperature of the heating 
source, εm is the emissivity of the hot face of the laminate, Tc is the temperature of the hot face 
of the laminate, and hnc is the heat transfer coefficient through natural convection.  
A full description of the model can be found [142]. 
4.2.2 Tensile Analysis of Carbon Fibre Reinforced Polymer 
Composites  
 
Once the through-thickness temperatures have been calculated for increasing increments of 
time, it is then possible to compute the residual tensile strength of the composite based on these 
temperatures.  The model was developed by Feih et al. [70] for glass fibre laminates, and has 
also been recently validated for basalt fibre laminates [139]. The model analyses the 
temperature dependant tensile strength of the laminate. The strength of each ply is dependent 
on the local ply temperature according to: 
𝜎(𝑇) = (
𝜎𝑜+𝜎𝑟
2
−
𝜎𝑜−𝜎𝑟
2
tanh (𝜙(𝑇 − 𝑇50%))) 𝑅𝑟𝑐(𝑇)
𝑛       4.7 
where 𝜎𝑜 is the room temperature strength and 𝜎𝑟 is the steady-state reduced strength of the 
ply when the polymer matrix has fully softened. The parameter 𝜙 describes the rate of strength 
loss. 𝑇50% denotes the temperature at which 50% of the original ply strength is lost. 𝑅𝑟𝑐 
accounts for thermal decomposition of the matrix at high temperatures, which is obtained from 
the 1D thermal model (COMFIRE) at various locations through-the-thickness of the laminate. 
The exponent n is an empirical value constant dependant on the relationship between mass loss 
and strength of the polymer matrix. When n = 0 it is assumed that decomposition has no effect 
on strength. When n = 1 it is assumed that a linear relationship exists between mass loss and 
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strength loss. Other values of n can be used to indicate a non-linear relationship between mass 
loss and residual strength.  
Feih et al. [70] showed the fibre strength loss can be calculated using the same mathematical 
function for composite strength loss. The fibre strength loss is described as a function of 
temperature using: 
  𝜎𝑓(𝑇) = (
𝜎𝑓𝑜+𝜎𝑓𝑟
2
−
𝜎𝑓𝑜−𝜎𝑓𝑟
2
tanh (𝛷𝑓(𝑇 − 𝑇50%)))    4.8 
where 𝜎𝑓𝑜 is the room temperature fibre strength and 𝜎𝑓𝑟 is the steady-state reduced fibre 
strength when the polymer matrix has fully softened. The parameter 𝛷𝑓 describes the rate of 
strength loss and 𝑇50% denotes the temperature at which 50% of the fibre strength is lost. 
Equations 4.7 and 4.8 are used to calculate the effect of temperature on the residual strength of 
the matrix and fibres at any location through-the-thickness of the composite exposed to fire.  
A ply-by-ply approach is used to account for the progressive tensile softening and failure of 
the quasi-isotropic laminates, which eliminates each ply when its strength drops below the 
applied stress. When the applied stress exceeds the strength of the ply, it is assumed to have 
failed. Once the ply has failed it effectively has zero strength and is no longer able to carry any 
of the applied load. The effective load-bearing area of the laminate decreases by the thickness 
of the failed ply, and consequently the applied stress on the remaining intact laminate increases. 
The effective strength, σeff, of the laminate after a ply has failed is determined using: 
𝜎𝑒𝑓𝑓 = 𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ×
𝑡𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
𝑡𝑒𝑓𝑓
                                                              4.9 
where 𝑡𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 and 𝑡𝑒𝑓𝑓 are the original and effective thicknesses of the laminate, respectively. 
The effective stress is redistributed over the remaining plies and the failure time is calculated 
by the time taken for all plies to fail. 
4.2.3 Compression Analysis of Carbon Fibre Reinforced Polymer 
Composites  
The model to calculate the failure stress under compression loading also assumes that the 
compression properties of the laminate exposed to fire depends on the through-thickness 
temperature profile.  The compressive failure load of the carbon fibre laminates, in the form of 
a long and slender beam, due to Euler buckling can be calculated using: 
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                        𝑃𝑏𝑢 =
𝜋2
𝐿2
𝐸𝐼                                    4.10 
where  𝑃𝑏𝑢 is the buckling load, E is the Young’s modulus, L is the length and I is the moment 
of inertia. The Young’s modulus is defined by: 
   𝐸(𝑇) = (
𝐸𝑜+𝐸𝑟
2
−
𝐸𝑜−𝐸𝑟
2
tanh(𝛷𝐸(𝑇 − 𝑇𝐸50%)))              4.11 
where 𝐸𝑜 is the Young’s modulus at room temperature, 𝐸𝑟 is the residual Young’s modulus 
when the laminate has fully softened, 𝛷𝐸 is a material constant describing the temperature 
range over which the modulus is reduced, 𝑇50% is the mechanical glass transition temperature, 
and T is the temperature. 
The compressive strength remains at the room temperature value until the laminate is heated 
to a critical softening temperature, above which the strength decreases with increasing 
temperature to a minimum value. Gibson et al. [104] expressed the relationship between 
compressive strength and temperature as: 
𝜎(𝑇) = (
𝜎𝑜+𝜎𝑟
2
−
𝜎𝑜−𝜎𝑟
2
tanh (𝛷𝑓(𝑇 − 𝑇50%))) 𝑅𝑟𝑐(𝑇)
𝑛    4.12 
where 𝜎𝑜 is the compression strength at room temperature, 𝜎𝑟 is the residual strength, 𝛷𝑓 is a 
material constant describing the temperature range over which the compressive strength is 
reduced due to the glass transition softening process, T50% is the temperature at which the 
compression strength is reduced by half and T is the temperature. Rrc(T) is the remaining resin 
mass content of the laminate. 
After the temperature distribution through the laminate has been calculated using the thermal 
model, the residual compressive strength can be determined at different locations through-the-
thickness. A ply-by-ply approach is used to account for the progressive failure of the quasi-
isotropic laminates, which eliminates each ply when its strength drops below the applied stress 
as described for tensile loading. When the applied compressive stress exceeds the compressive 
strength of the ply, it is assumed to have failed and a new load-bearing area is determined and 
the stress is redistributed giving a higher applied stress over the remaining intact plies. The 
failure time is calculated by the time taken for all plies to fail.  
4.3 MATERIALS AND EXPERIMENTAL METHODS 
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The laminate samples used in the experimental testing were manufactured using Hexcel 
AS4/3501-6 carbon-fibre epoxy prepreg tape. This material is commonly used in aircraft 
composite structures, and was supplied by the Boeing Company (Boeing Aerostructures 
Australia). The mechanical properties according to the manufacturer’s product data sheet are 
listed in Table 4.1. The cured thickness of each ply is 0.132 mm. 
Table 4.1. Mechanical properties of carbon fibre-epoxy laminate in the 0o fibre direction. 
Property Carbon-Fibre 
Tensile Strength (MPa) 2137 
Tensile Modulus (GPa) 141 
Compression Strength (MPa) 1723 
Flexural Strength (MPa) 1793 
Flexural Modulus (GPa) 128 
 
Four quasi-isotropic laminates were made and the ply stacking patterns for the laminates are 
given in Table 4.2. The only difference between the four laminates was the ply stacking 
sequence used to create the quasi-isotropic pattern. Two laminates were made with 0o or +45o 
surface plies and these are designated Laminates 1 and 2, respectively. Laminate 3 and 4 were 
made with three 0o plies located at the surfaces or mid-plane, respectively. The laminates 
contained a total of 24 plies (~3.3 mm total thickness) for isothermal testing or 48 plies (~6.4 
mm total thickness) for fire-under-load testing.  
Table 4.2. Ply orientation sequence of the quasi-isotropic carbon fibre-epoxy laminates 
 
 
 
 
During ply stacking the laminates were de-bulked after every four plies for three minutes to 
ensure air was removed from between the plies. The laminates were vacuum bagged and cured 
in an autoclave at 180oC and 90 psi for 2 hours, as shown in Figure 4.1. The cured laminates 
had a carbon fibre content of 65 vol% and a glass transition temperature of 210oC as stated on 
the material technical data sheet. After curing, the laminate was cut using a high pressure 
abrasive water jet. High temperature testing samples were cut into specimens that were 250 
mm long and 25 mm wide for tensile testing and 50 mm long and 25 mm wide for compression 
testing.  Fire-under-load testing samples were 600 mm long and 50 mm wide for both tension 
Name Lay-up Sequence 
Laminate 1 [0/+45/90/-45/0/+45/90/-45/0/+45/90/-45]s 
Laminate 2 [+45/90/-45/0/+45/90/-45/0/+45/90/-45/0]s 
Laminate 3 [0/0/0/+45/90/-45/+45/90/-45/+45/90/-45]s 
Laminate 4 [+45/90/-45/+45/90/-45/+45/90/-45/0/0/0]s 
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and compression testing, which is the same dimensions for the aluminium samples used in the 
previous chapter.  
 
 
 
 
 
 
 
 
 
Figure 4.1. Pressure-time and temperature-time curves for the curing cycle of the carbon 
fibre epoxy laminates. 
4.3.1 High Temperature Mechanical Testing of Carbon Fibre 
Reinforced Polymer Composites 
 
A carbon fibre-epoxy laminate (Laminate 1) was tested in tension and compression across the 
temperature range of 20-400oC. The tensile tests were performed according to ASTM D3039 
at a loading rate of 1 mm/min. The composite was loaded in the 0o ply direction and the ends 
of the tensile samples were tabbed with this region and were clamped via pressure grips to the 
MTS machine. The compression tests were performed with a heating cartridge and 10 mm 
extensometer attached to a 100 kN load capacity MTS machine as shown in Figure 4.2.  For 
compression loading a NASA short block compression rig was used. The compression loading 
rate applied to the laminate samples was 0.5 mm/min.  The laminate was tested four times at 
the different temperatures to determine the average compressive property values and scatter to 
these properties.  
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a) 
 
 
 
 
 
 
 
 
b) 
Figure 4.2. Elevated temperature tests using the heating cartridge on a 100 kN machine in a) 
tension and b) compression. 
 
 
Extensometer 
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4.3.2 Thermal Flux Exposure Testing of Carbon Fibre Reinforced 
Polymer Composites 
 
The four types of carbon fibre-epoxy laminate were exposed to the thermal flux while under 
no load to measure their thermal response. The heat flux was generated using a cone calorimeter 
electric resistive heater (diameter 200 mm). The heater set temperature and corresponding 
element temperatures as well as the temperature-time curves for the heater element are shown 
in Chapter 3. The laminate and heater were in a vertical orientation with the heater placed 25 
mm from the sample surface. Only a 100 mm long section of the laminate was exposed directly 
to the heat flux; the other surfaces of the sample were thermally insulated using Fiberfrax® 550 
K ceramic fibre wool. The front and back face temperatures of the laminate samples were 
measured continuously during simulated fire-exposure testing using K-type thermocouples. In 
addition, the internal temperature of the laminates was measured by drilling through the back 
surface to the middle of the laminate and inserting a thermocouple. Multiple tests were 
conducted on the laminates at the heat fluxes of 10, 25, 35 and 50 kW/m2 for 2000 seconds to 
ensure consistency.  
4.3.3 Fire-Under-Load Testing of Carbon Fibre Reinforced Polymer 
Composites 
 
Small-scale simulated fire-under-load tests were performed on the carbon fibre-epoxy 
laminates to assess the fire resistance. Fire testing was performed on the different quasi-
isotropic laminates in tension or compression while simultaneously heating one side using a 
radiant heater, as shown in Figure 4.3. This is the same fire-under-load test performed on the 
AA2024 and AA7075 alloys described in the previous chapter. The laminate samples were 600 
mm long, 50 mm wide and 6.4 mm thick, and were loaded in the 0o fibre direction using a 250 
kN MTS machine fitted with a smoke extraction system.  
 
The applied constant loads ranged between 10% to 80% of the room temperature tensile failure 
stress or compression buckling stress, which are given for the different laminates in Table 4.3 
and shown in Figure 4.4. Under tension and compression loading, the ends of the laminate 
samples were clamped within the loading machine and had an unsupported gauge length of 430 
mm. The small load drops in the tensile strength curves are due to progressive ply failure. The 
compressive failure stress values are much lower than the tensile values because the laminates 
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failed by Euler buckling due to their long unsupported gauge length (430 mm). The tensile 
stress was higher because failure was determined mostly by rupture of the high strength load-
bearing carbon fibres in the 0o plies. The measured buckling stress values for the different 
laminates agree well (within ~20%) of the stress values calculated using Euler theory for the 
axial compressive loading of a long slender beam. 
 
The fire-under-load tests involved maintaining a constant tensile or compressive stress on the 
laminate sample with simultaneous exposure to the constant heat flux until failure occurred. 
When under constant load, the laminate was exposed to an incident radiant heat flux of 10, 25, 
35 or 50 kW/m2, as described in Section 4.3.2. The test conditions and the number of samples 
tested per condition are given in Table 4.4. Failure involved rupture under tension loading and 
buckling under compression loading, at which point the laminate could no longer carry the 
applied stress. The heat flux exposure time required to cause tensile or compressive failure, 
defined by the loss of load-carrying capacity, was measured in the test. The axial displacement 
of the laminate over the course of the fire-under-load test was also measured from the change 
in the separation distance between the cross-heads of the loading machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a)  
t= 6.4 mm 
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b) 
Figure 4.3. a) Schematic of the fire structural test and b) carbon fibre-epoxy laminate in the 
250 kN MTS before testing. 
 
Table 4.3. Tensile failure stress and compressive buckling stress of the laminates at room 
temperature. 
Laminate 
Tension Strength 
(MPa) 
Buckling 
Strength (MPa) 
Lam 1-[0/+45/90/-45/0/+45/90/-45/0/+45/90/-45]s 590 ± 10 24 ± 2 
Lam 2-[+45/90/-45/0/+45/90/-45/0/+45/90/-45/0]s 555 ± 30 13 ± 2 
Lam 3-[0/0/0/+45/90/-45/+45/90/-45/+45/90/-45]s 540 ± 55 34 ± 3 
Lam 4-[+45/90/-45/+45/90/-45/+45/90/-45/0/0/0]s 530 ± 20 20 ± 2 
 
 
 
 
 
 
 
250 kN MTS grips 
Thermocouple 
Carbon-epoxy 
laminate 
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Table 4.4. Test matrix for the fire-under-load tests performed on the laminates. The number 
gives the number of tests performed for the test condition. The percentage stress value gives 
the percentage of the applied stress compared to the room temperature failure stress. 
 
Name Fire-Under-Tension Tests Fire-Under-Compression Tests 
 Applied Tensile 
Stress  
Number of 
Tensile Tests  
Applied 
Compression 
Stress 
Number of 
Compression 
Tests 
Laminate 1 412 MPa (70%) 
353 MPa (60%) 
294 MPa (50%) 
235 MPa (40%) 
176 MPa (30%) 
118 MPa (20%) 
59 MPa (10%) 
1 
1 
2 
3 
3 
3 
2 
19 MPa (80%) 
17 MPa (70%) 
14 MPa (60%) 
12 MPa (50%) 
10 MPa (40%) 
7 MPa (30%) 
5 MPa (20%) 
2.5 MPa (10%) 
1 
1 
1 
1 
2 
3 
3 
2 
Laminate 2 389 MPa (70%) 
333 MPa (60%) 
278 MPa (50%) 
222 MPa (40%) 
167 MPa (30%) 
111 MPa (20%) 
1 
2 
2 
2 
2 
1 
10 MPa (80%) 
9 MPa (70%) 
8 MPa (60%) 
6.5 MPa (50%) 
5 MPa (40%) 
4 MPa (30%) 
2.5 MPa (20%) 
1.25 MPa (10%) 
1 
1 
2 
2 
2 
2 
1 
1 
Laminate 3 324 MPa (60%) 
270 MPa (50%) 
216 MPa (40%) 
162 MPa (30%) 
108 MPa (20%) 
54 MPa (10%) 
1 
3 
2 
3 
2 
1 
30 MPa (80%) 
26 MPa (70%) 
22 MPa (60%) 
19 MPa (50%) 
15 MPa (40%) 
11 MPa (30%) 
7.5 MPa (20%) 
3.75 MPa (10%) 
1 
1 
2 
2 
2 
2 
2 
2 
Laminate 4 371 MPa (70%) 
318 MPa (60%) 
265 MPa (50%) 
212 MPa (40%) 
159 MPa (30%) 
106 MPa (20%) 
1 
2 
3 
3 
3 
3 
16 MPa (80%) 
14 MPa (70%) 
12 MPa (60%) 
10 MPa (50%) 
8 MPa (40%) 
6 MPa (30%) 
4 MPa (20%) 
2 MPa (10%) 
1 
1 
2 
2 
2 
2 
2 
1 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 4.4. Stress-axial displacement curves at room temperature for the carbon-epoxy 
laminates under a) tension and b) compression loading. 
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4.3.4 Cone Calorimetry Testing and Thermogravimetric Analysis 
 
The fire reaction properties of the carbon fibre-epoxy laminate was measured using a three-cell 
cone calorimeter (Model no: 5023431 by Fire Testing Technology Ltd) operated in the vertical 
testing mode, shown in Figure 4.5. The tests were conducted at the University of Newcastle-
Upon-Type, UK. The properties measured were heat release rate and mass loss. The laminate 
samples were 100 mm long, 100 mm wide and 6.4 mm thick, and were exposed to a constant 
incident thermal flux of 50 kW/m2 (without a spark ignitor) according to ISO 5660. The cone 
heater was the same type used to radiate the laminates in the fire-under-load tests. The heating 
conditions used to measure the fire reaction properties using the cone calorimeter were identical 
to the conditions experienced by the laminates in the fire-under-load tests. That is, the heater 
and laminate sample were both in a vertical orientation and spaced 25 mm apart.  
Thermogravimetric analysis (TGA) was undertaken using a NETZSCH T6209 FI instrument 
on samples of carbon fibre-epoxy laminate to measure the mass loss as a function of 
temperature. The TGA was conducted at a heating rate of 10oC/min and in a nitrogen 
atmosphere to avoid thermo-oxidation of the fibres. 
 
Figure 4.5. Cone calorimeter machine. 
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4.3.5 X-Ray Computed Tomography  
 
X-ray computed micro-tomography was performed on fire exposed sections of the carbon-
epoxy laminates using a General Electric (phoenix v|tome|x s) instrument, as shown in Figure 
4.6. A 360o 3D multi-scan was performed using a micro-tube operated at 50 kV and 240 µA. 
2000 image projections were recorded per samples at 200 ms intervals to obtain high resolution 
images. Samples for inspection using X-ray computed tomography were sectioned from the 
fire-under-load test specimen by wet cutting. The samples were about 150 mm long and 50 mm 
wide, and therefore fitted easily within the chamber of the tomography machine.  
 
Figure 4.6. X-ray CT machine. 
4.3.6 Post-Fire Testing 
 
Laminates 1 and 2 were exposed to a constant thermal flux as described in Section 4.3.2. The 
samples were exposed to heat fluxes of 10, 25, 50 and 75 kW/m2 for 200 seconds or to the heat 
flux of 50 kW/m2 for different thermal exposure times up to 1500 seconds. After testing, the 
samples were allowed to cool to room temperature and were then cut into specimens measuring 
240 mm long (in the 0o direction) and 25 mm wide for tensile testing. The tensile tests were 
performed at room temperature in close accordance with ASTM D3039 to determine the 
stiffness and failure load. The samples had a gauge length of 100 mm and were loaded at a 
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cross-head speed of 1 mm/min to failure. Four samples were tested in tension for each heat flux 
and heat exposure time.  
4.4 RESULTS AND DISCUSSION 
4.4.1 Fire Reaction Properties of Carbon Fibre Reinforced Polymer 
Composites 
 
Fire reaction properties such as heat release rate and peak release rate were used to evaluate 
the fire safety hazard of the carbon-epoxy (Laminate 2). The heat release rate indicates the 
amount of heat generated by the laminate when it thermally decomposes. The effect of 
increasing exposure time at the heat flux of 50 kW/m2 on the heat release rate of the laminate 
is shown in Figure 4.7. The epoxy matrix begins to decompose at ~350oC with most of the 
decomposition occurring between 200 – 500 seconds. At 200 seconds where there is a large 
peak in the heat release rate, the temperature at the front surface of the laminate is ~450oC and 
hence this increase is due to resin decomposition.  
The mass loss rate of the carbon fibre-epoxy laminate when exposed to the thermal flux is 
shown in Figure 4.8. The mass loss rate began to increase rapidly at ~200 seconds when the 
polymer matrix began to decompose and generate volatiles. 
Thermogravimetric analysis (TGA) of the laminate was performed to determine the 
temperature range over which the epoxy matrix decomposes. TGA shown in Figure 4.9 
indicates the carbon fibre-epoxy laminate experienced a single-state decomposition process. 
The heating process in nitrogen caused a small loss in mass, ~20%. The mass loss begins at 
~300 - 350oC which indicates the onset of decomposition of the epoxy matrix. The epoxy 
matrix fully degraded by ~450oC leaving the carbon fibres and a small mass fraction of 
carbonaceous char.  
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Figure 4.7. Effect of increasing exposure time to the thermal flux of 50 kW/m2 on the heat 
release rate of the carbon fibre laminate. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Effect of increasing exposure time to the thermal flux of 50 kW/m2 on the mass 
loss of the laminate. 
 
0
50
100
150
200
250
0 200 400 600 800
Thermal Flux Exposure Time (s)
H
e
a
t 
R
e
le
a
s
e
 R
a
te
 (
k
W
/m
2
)
0
5
10
15
20
25
0 200 400 600 800
Thermal Flux Exposure Time (s)
M
a
s
s
 L
o
s
s
 (
%
)
 
 
 
126 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Thermogravimetric analysis of the carbon fibre epoxy composite. 
4.4.2 Elevated Temperature Properties of Carbon Fibre Reinforced 
Polymer Composites  
 
The thermal-mechanical analytical model, described in Section 4.2, requires material property 
data. The effect of temperature on the tensile and compressive properties were determined 
experimentally by performing isothermal tests between 20 and 400oC. The effect of 
temperature on the tensile failure stress of the carbon fibre-epoxy composite (Laminate 1) was 
determined experimentally, as shown in Figure 4.10a.  The room temperature tensile strength 
was 650 MPa. The composite begins to lose strength close to the glass transition temperature 
(~210oC), and then experiences a steady strength loss with increasing temperature. Carbon 
fibres do not begin to lose strength until heated above ~400oC in air [73], and therefore the 
fibres within the 0o plies of the composite are able to retain significant strength despite the 
matrix having undergone glass transition softening above 210oC and decomposition above 
350oC. The fitted curve is calculated using Equation 4.8 with the fitted parameters listed in 
Table 4.5. The tensile stress-strain curves for the laminate are shown in Figure 4.11. Each test 
was repeated 4 times and showed similar stress-strain curves. The sudden steps in the stress-
strain curves corresponds to progressive ply failure.  
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The effect of increasing temperature on the Young’s modulus of the carbon fibre-epoxy 
laminate is shown in Figure 4.10b. The Young’s modulus of the composite at room temperature 
is 44 GPa, and was reduced by ~25% at 400oC. There was no sudden loss in stiffness when the 
matrix started decomposing at ~350oC because carbon fibres do no lose stiffness until 
temperatures much higher than ~400oC. For example, Feih et al. [73] found that when T700 
carbon fibres are heated in the presence of air, there is no reduction to the Young’s modulus 
until the temperature exceeds ~500oC, above which the stiffness decreases due to thermally-
activated oxidation of the fibre surface. Therefore, minimal losses in Young’s modulus was 
due to the capacity of the load-bearing carbon fibres to retain high stiffness, despite the epoxy 
undergoing both glass transition softening (above 210oC) and thermal decomposition (above 
350oC). The effect of temperature on the tensile modulus is calculated using the tanh function 
in Equation 4.11. The empirical constants 𝛷𝐸and 𝑇50% are obtained from the experimental data 
shown in Figure 4.10b and the values are given in Table 4.5. The residual stiffness value was 
not reached by the maximum tests temperature and hence this value was determined by the 
fire-under-load threshold stress limit at 50 kW/m2.  
 
The effect of temperature on the compressive strength of the carbon fibre-epoxy laminate was 
determined experimentally by performing tests between 20oC and 300oC, and the results are 
shown in Figure 4.12.  The compressive strength decreased by approximately 50% around the 
glass transition temperature (210oC) of the laminates. Below this temperature, the laminate 
failed in a brittle manner via micro-buckling/kinking of the load-bearing (0o) plies. Above the 
glass transition temperature the laminate failed by plastic kinking due to softening of the epoxy 
matrix. The compressive stress-strain curves for the laminate are shown in Figure 4.13. 
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a) 
b) 
Figure 4.10. Effect of temperature on a) tension failure stress and b) tension modulus of the 
carbon fibre laminate with ply sequence [0/+45/90/-45/0/+45/90/-45/0/+45/90/-45]s. The 
curves were calculated using Eqn 4.8 and 4.11 respectively. 
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Figure 4.11. Stress-strain curves for the carbon fibre laminate with ply sequence [0/+45/90/-
45/0/+45/90/-45/0/+45/90/-45]s under tensile loading and elevated temperature. 
 
Table 4.5. Fitted parameters used for the tensile models. 
Property Carbon Fibre 
Laminate 
Tensile modulus. 𝐸𝑜 (GPa) 45 
Residual tensile modulus, 𝐸𝑟 (GPa) 20 
Fitted mechanical glass transition temperature, 
𝑇𝐸50% (
oC) 
500 
Fitted value, 𝛷𝐸 0.003 
Tensile strength, 𝜎𝑜 (MPa) 650 
Residual tensile strength, 𝜎𝑟 (MPa) 50 
Fitted mechanical glass transition temperature, 
𝑇50% (
oC) 
400 
Fitted value, 𝛷 0.005 
 
The relationship between compressive failure stress and modulus and the temperature can be 
expressed using the same semi-empirical equation as for the tensile stress and modulus: 
𝜎𝑐(𝑇) = (
𝜎𝑐𝑜+𝜎𝑐𝑟
2
−
𝜎𝑐𝑜−𝜎𝑐𝑟
2
tanh(𝛷𝑐(𝑇 − 𝑇𝑐50%))) 𝑅𝑟𝑐(𝑇)
𝑛                         4.13 
𝐸𝑐(𝑇) = (
𝐸𝑐𝑜+𝐸𝑐𝑟
2
−
𝐸𝑐𝑜−𝐸𝑐𝑟
2
tanh(𝛷𝐸𝑐(𝑇 − 𝑇𝑐𝐸50%))) 𝑅𝑟𝑐(𝑇)
𝑛                       4.14                 
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The empirical constants were obtained from the experimental data shown in Figure 4.12 and 
the values are presented in Table 4.6. Experimental data up to 300oC showed a small decrease 
in compressive modulus. Both the compressive strength and modulus reached a minimum value 
above 250oC. 
 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 4.12. Effect of temperature on a) compression failure stress and b) compression 
modulus of the carbon fibre composite. The curves were calculated using Eqn 4.12 and 4.13 
respectively. 
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Figure 4.13. Stress-strain curves for the carbon fibre laminate with ply sequence [0/+45/90/-
45/0/+45/90/-45/0/+45/90/-45]s under compression loading. 
 
Table 4.6. Fitted parameters used for the compression models. 
Property Carbon Fibre 
Laminate 
Compression modulus. 𝐸𝑐𝑜 (GPa) 31 
Residual compression modulus, 𝐸𝑐𝑟 (GPa) 22 
Fitted mechanical glass transition temperature, 
𝑇𝐸𝑐50% (
oC) 
210 
Fitted value, 𝛷𝑐𝐸 0.01 
Compressive strength, 𝜎𝑐𝑜 (MPa) 585 
Residual compressive strength, 𝜎𝑐𝑟 (MPa) 20 
Fitted mechanical glass transition temperature, 
𝑇𝑐50% (
oC) 
210 
Fitted value, 𝛷𝑐 0.02 
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4.4.3 Thermal Response of Carbon Fibre Reinforced Polymer 
Composite 
 
The temperature distribution through-the-thickness of the carbon fibre-epoxy laminates was 
measured by attaching thermocouples to the front and back surfaces. To measure the 
temperature at the mid-thickness point a thermocouple was placed ~3.3 mm deep through the 
back surface of the sample. The temperatures were recorded at one data point per second using 
a DT85 Series 2 data logger with DeLogger software. To ensure consistency in the test 
procedure, the temperature profile of the laminates was measured several times to determine 
the variability. The measured temperature-time curves were found to be highly repeatable 
(typically within 20oC) as shown in Figures 4.14 – 4.17. This indicates that temperature 
differences between the laminates which are greater than ~20oC are statistically significant.  
Additionally, temperatures were measured for all fire-under-load tests at the front and back 
face of the samples to ensure validity of the test procedure. 
 
Figure 4.14 shows the measured temperature rise at the front and back surfaces of the laminates 
with increasing exposure time to the heat flux of 35 kW/m2. Figure 4.15 , 4.16 and 4.17 show 
respectively the measured temperature rise at the front surface, mid-plane and back surface of 
the laminates with increasing exposure time to the heat flux of 50 kW/m2. The front surface 
temperature rapidly increased within the initial few minutes and then reached a quasi-steady 
state temperature of ~550oC at 35 kW/m2 and ~720oC at 50 kW/m2. The heating rate and 
maximum temperature of the front surface was similar for the different laminates, revealing 
the quasi-isotropic ply stacking sequence has no influence. The temperature rise at the back 
face was slower due to the low through-thickness thermal conductivity of the laminates. The 
glass transition temperature of the laminates is ~210oC and hence softening of the epoxy matrix 
began at the front face of the laminates after 50 seconds when exposed to 35 kW/m2 and only 
15 seconds at the heat flux of 50 kW/m2. TGA revealed that decomposition of the epoxy matrix 
occurred over the temperature range of 300-350oC, as shown in Figure 4.9, and hence 
decomposition of the epoxy matrix began at the front face of the laminates after 200 seconds 
when exposed to 35 kW/m2 and only 40 seconds at 50 kW/m2.  
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The temperature at which the epoxy starts to decompose corresponds to the temperature above 
which differences start to occur between the laminates with 0o or 45o surface plies.  The internal 
and back surface temperatures were dependent on the quasi-isotropic ply stacking pattern. The 
temperature measured at the mid-plane point of the laminates was similar until the temperature 
exceeded ~300oC, above which the temperatures were lower (up to ~80oC) when the 0o ply was 
placed at the surfaces (i.e. Laminates 1 and 3). Conversley, when the back surface temperatures 
exceeded ~300oC, then the laminates with the 45o surface ply were cooler (up to ~100oC) (i.e. 
Laminates 2 and 4). These differences are due to differences in the length and crack opening 
of delaminations in laminates with a 0o or 45o surface ply, as explained later. 
 
Figure 4.14. Temperature rise of the laminates at the front and back face surfaces of 
laminates 1 and 2 with increasing exposure time to the heat flux of 35 kW/m2. 
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Figure 4.15. Temperature rise of the laminates at the front surface with increasing exposure 
time to the heat flux of 50 kW/m2. 
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Figure 4.16. Temperature rise of the laminates at the mid-plane with increasing exposure 
time to the heat flux of 50 kW/m2. 
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Figure 4.17. Temperature rise of the laminates at the back face with increasing exposure 
time to the heat flux of 50 kW/m2. 
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Figure 4.18 shows the calculated temperature rise at the front and back surface of Laminate 2 
compared to the measured temperature. The temperatures were calculated using the thermal 
model described in Section 4.2.1, which was solved using the property data given in Table 4.7. 
This model has not been previously used to calculate the temperature of quasi-isotropic carbon 
fibre laminates.  Poor agreement between the predicted and experimental temperature profiles 
at the back face is observed. This is due mainly to the presence of delamination cracks within 
the laminate which effectively insulates the material. The model does not account for 
delaminations within the laminate and therefore cannot accurately predict the temperature 
distribution through-the-thickness of the composite.  
Table 4.7. Thermal properties of carbon fibre-epoxy composite. 
Property Value Reference  
Fibre volume fraction 0.65 Manufacturer’s data 
Decomposition reaction constant, A (1/s) 3.16E10 Literature [116] 
Activation energy, Q (kJ/mol) 171 Literature [116] 
Order of decomposition reaction, n 1  TGA Fitting 
Remaining resin mass fraction (%) 3-5  Literature [87] 
Heat of decomposition (kJ/kg) 300  Literature [87] 
Through-thickness thermal conductivity 
(W/mK)  
0.023xT0.45 Literature [126] 
Specific heat (J/goC) 0.075+0.0041T Literature [126] 
 
The carbon-epoxy laminates experienced delamination cracking when exposed to the heat flux. 
Delamination is a common type of fire-induced damage to laminates [65,67]. Delamination is 
caused by several phenomenon including thermal softening and decomposition of the polymer 
matrix, internal pressure generated by volatile gases, and internal strains resulting from thermal 
expansion and moments.  Thermal softening of the epoxy matrix, which occurs about the glass 
transition temperature (210oC), reduces the interlaminar fracture toughness of the laminate. 
This increases the susceptibility of the laminates to delamination cracking. At higher 
temperature, decomposition of the polymer-rich layer between the plies can cause delamination 
cracking. As the cross-linked epoxy network undergoes chain scission reactions during 
decomposition its bonding with the carbon fibres will be lost, aiding the initiation and growth 
of delaminations.  In addition, low molecular volatiles (e.g. hydrocarbons, CO, CO2) generated 
from the decomposition of the polymer matrix within the hot, decomposing composite can 
exert high internal pressures which can force the delaminations to grow [79]. 
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Figure 4.18. Experimental and calculated temperature profiles at the front and back face 
surfaces of the carbon fibre-epoxy laminate (Laminate 2) at 50 kW/m2. The solid curve was 
measured experimentally and the dotted line is calculated using the thermal-mechanical 
model. 
 
Internal pressures of up to 10 atm have been measured for a glass fibre-vinyl ester composite 
[126]. Delamination cracking is also caused by the generation of a high thermal moment along 
the length of the laminate specimen [77]. When exposed to one-sided heating, a higher thermal 
expansion strain is developed at the fire-exposed surface (which is hot) compared to the back 
surface (which is much cooler), and this forces the laminate to bend toward the heat source.  
Once the fire-exposed surface exceeds the glass transition temperature of the matrix then the 
material in this region softens and deflects away from the heat source. The steep thermal 
gradient in the through-thickness direction of the laminate (which is up to several hundred 
degrees) causes a non-uniform reduction to the stiffness properties; the elastic modulus near 
the fire-exposed surface is much lower than the cooler back surface. With increasing time, this 
shifts the neutral axis away from the centroid closer to the back surface of the laminate, thereby 
causing it to laterally bend away from the heat source. These deflections generate internal 
interlaminar stresses which may promote delamination cracking [77]. Furthermore, internal 
strains are created along the length of the laminate specimens due to localised heating at the 
0 500 1000 1500
0
200
400
600
800
Back Surface
T
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
Front Surface
 
 
 
139 
 
Heat source 
Insulation 
Blanket 
centre as well as the fixed-fixed boundary conditions, as shown in Figure 4.19. Interlaminar 
stresses can also develop between plies orientated at different angles. The coefficient of thermal 
expansion of the 0o plies is virtually zero due to the carbon fibres. However, the 45o and 90o 
plies can expand due to the thermal expansion coefficient being controlled by the epoxy matrix. 
The difference in the thermal expansion properties of the 0o plies and the 45o/90o plies (which 
are similar) increases rapidly with temperature [127], and this generates interlaminar strains 
which may promote delamination cracking.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19. Deformation of a laminate caused by one-sided heat exposure. 
 
Delamination cracking in composite materials can also be caused by locally high stresses at the 
sample edges. This is possibly due to the long and narrow geometry of the fire-under-load test 
specimens, which are only 50 mm wide. To assess whether edge stresses influenced the 
delamination cracking, a large panel of the carbon fibre laminate (measuring 400 mm wide and 
400 mm long) was exposed to the heat flux, as illustrated in Figure 4.20. Only the central 100 
mm x 100 mm section of the panel was heated, and in this way, the edges remained cool. 
Following exposure to the heat flux it was found that delaminations did not occur at the panel 
edges, and were only found in the heated region. Furthermore, the delamination cracking in the 
wide panel (as shown in Figure 4.21b) was similar to that found in the thinner specimens 
(Figure 4.21a). 
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Figure 4.20.  Schematic of the thermal flux exposure test on larger carbon fibre laminate. 
 
 
 
 
 
 
 
 
 
                                             a)                                                                   b) 
Figure 4.21. X-ray tomography image of Laminate 2 samples after exposure to the heat flux 
of 50 kW/m2 for 1500 seconds for a) 100 x 50 mm exposed sample and b) 100 x 100 mm 
exposed sample. The left-hand side of each sample was exposed to the heat flux. 
 
Delamination cracking occurred between many of the plies within the carbon fibre-epoxy 
laminates, however the longest and widest cracks were always between neighbouring 0o plies. 
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100 mm 
3500 µm 3500 µm 
 
 
 
141 
 
Figure 4.22 shows side-views of the four types of quasi-isotropic laminates following exposure 
to the heat flux, and the delamination cracking patterns are different. The delaminations are 
relatively short and narrow at the interfaces between the +45o/90o and 90o/-45o plies. The width 
and length of the delamination cracks were greater at the interfaces between the 0o/+45o, 0o/-
45o and, in particular, the 0o/0o plies at the mid-plane of Laminates 2 and 4. Delamination 
cracking was less extensive at the mid-plane of Laminates 1 and 3, which have neighbouring -
45o/-45o plies.  
 
a)                                           b)                                          c)                                        d) 
Figure 4.22. Delamination cracks after exposure to the heat flux of 50kW/m2 from the left 
side for 1500 seconds in a) Laminate 1, b) Laminate 2, c) Laminate 3 and d) Laminate 4. 
 
Delamination cracks restrict heat flow from the fire-exposed surface towards the back surface, 
thereby reducing the effective through-thickness thermal conductivity of the laminates. The 
wide and long mid-plane delamination crack in Laminates 2 and 4 with middle 0o/0o plies trap 
more heat than Laminates 1 and 3 ahead of the crack and allow less heat flow towards the 
region near the back surface, as shown in Figure 4.23. It is for this reason that the Laminates 2 
and 4 have higher internal temperatures but lower back surface temperatures than Laminates 1 
and 3.  
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a)       b) 
Figure 4.23. Schematic of the heat flow through a) Laminate 1 and b) Laminate 2. The white 
lines indicate the location of the 0o plies. 
 
An analytical parametric study into the effect of delamination cracks on the thermal 
conductivity of the laminates was undertaken. Previous studies [129, 130] have also reported 
thermal conductivity values to have the dominant influence on the thermal response of fibre 
reinforced polymer composites. As mentioned, delamination cracks insulate the laminate, 
reducing the effective through-thickness thermal conductivity and results in 3D heat flow 
effects, which are not considered in this study. To achieve agreement between experimentally 
measured and calculated back surface temperatures of the laminates, the thermal conductivity 
values are required over the range of expected temperatures.  Figure 4.24 shows the effect of 
thermal conductivity on the back-surface temperature of the four types of carbon fibre-epoxy 
laminates. The much lower thermal conductivity values for Laminate 2 and 4 confirms the 
insulating effect of the large delamination crack at the mid-plane of these laminates. Using this 
relationship, the thermal conductivity values for each laminate were determined for increasing 
temperature as shown in Figure 4.25. The re-analysis shows minimal influence on the front 
surface temperature profiles of the laminates as, this is largely controlled by the emissivity, 
while the agreement between the calculated and measured back surface temperatures is 
significantly improved, as shown in Figure 4.26 and 4.27. The analysis shows that the material 
properties taken from literature cannot be used to accurately calculate the thermal response of 
quasi-isotropic carbon fibre-epoxy laminates due to the presence of delamination cracks 
Heat Flux Heat Flux 
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significantly reducing the effective through-thickness thermal conductivity and back surface 
temperature at higher applied heat fluxes. 
 
Using the thermal conductivity values for the laminates shown in Figure 4.25 it is possible to 
calculate the temperature through-the-thickness at different fire conditions.  Figure 4.28 shows 
the calculated temperatures at the front and back surface of Laminates 1 and 2 when exposed 
to the heat flux of 10 or 25 kW/m2. The temperature-time curves of the laminates are  similar 
at the lower heat fluxes, as the maximum back surface temperature (~330oC) is below the 
decomposition temperature (~350oC) of the epoxy matrix. Hence, at heat fluxes below ~25 
kW/m2 the ply orientation sequence has no significant effect on the temperature distribution.  
 
The thermal analysis was also undertaken at higher heat fluxes of ~150 kW/m2 and ~200 
kW/m2 to represent cellulosic and hydrocarbon fires, respectively. These fluxes are more 
representative of the heat generated by burning jet fuel in a post-crash aircraft fire. Figure 4.29 
shows the calculated temperatures at the front and back surface of Laminates 1 and 2. The front 
surface temperature of the two laminates were similar when exposed to the same heat flux, 
however the back surface temperature was dependant on the quasi-isotropic stacking sequence. 
The back face of Laminate 2 remained significantly cooler than Laminate 1, up to ~200oC 
lower, due to its much lower through-thickness thermal conductivity at high temperature 
caused by the assumed presence of more extensive and wider delamination cracks. The thermal 
analysis indicates that in the case of an external aircraft fire radiating a heat flux of ~150-200 
kW/m2, a laminate with 0o plies at the mid-plane will radiate less heat into the passenger cabin 
than a laminate with 45o plies at the mid-plane.  
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Figure 4.24. Effect of thermal conductivity on the back-surface temperature of the carbon 
fibre-epoxy laminates at 50 kW/m2. The solid curves were measured experimentally and the 
dotted curves were calculated for different thermal conductivity values. 
 
Figure 4.25. Thermal conductivity values for the carbon fibre-epoxy laminates with 
increasing temperature. 
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a)  
b) 
Figure 4.26. Experimental and calculated temperatures of the carbon fibre-epoxy laminates 
at a heat flux of 35 kW/m2. The dotted line was calculated using the model for a) Laminate 1 
and b) Laminate 2. 
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a)  
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c)  
d) 
Figure 4.27. Experimental and calculated temperatures of the carbon fibre-epoxy laminates 
at a heat flux of 50 kW/m2. The dotted line was calculated using the model for a) Laminate 
1, b) Laminate 2, c) Laminate 3 and d) Laminate 4. 
0 500 1000 1500
0
200
400
600
800
Front Surface
T
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
Back Surface
q= 50 kW/m2q = 50 kW/m2 
0 500 1000 1500
0
200
400
600
800
Back Surface
T
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
q=50 kW/m2
Front Surface
q = 50 kW/m2 
 
 
 
148 
 
a) 
b) 
Figure 4.28.Calculated temperatures of the carbon fibre-epoxy laminates at a heat flux of 10 
kW/m2 and 25 kW/m2 for a) front surface and b) back surface of Laminate 1 and Laminate 2. 
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a) 
b) 
Figure 4.29. Calculated temperatures of the carbon fibre-epoxy laminates at a heat flux of 
150 kW/m2 (cellulosic fire condition) and 200 kW/m2 (hydrocarbon fire condition) for a) front 
surface and b) back surface of Laminate 1 and Laminate 2. 
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4.4.4 Fire-Under-Load Response of Carbon Fibre Composites Under 
Tensile Loading 
 
4.4.4.1 Tensile Deformation Response of Carbon Fibre Composites  
When the quasi-isotropic laminates were subjected to tensile loading at a constant stress and 
one-sided heating at a constant thermal flux they experienced axial deformation due to thermal 
softening, decomposition and damage. The effect of increasing thermal flux exposure time on 
the axial extension of the four types of laminate subjected to different tensile stress levels is 
shown in Figures 4.30 and 4.31. The curves show the measured deformation-time histories of 
the laminates when carrying a constant tensile stress, which is expressed as a percentage of the 
tensile failure stress at 20oC, while exposed to one-sided heating at the heat flux of 35 kW/m2 
or 50 kW/m2. The curves show that during the initial short period of exposure to the heat flux 
(under ~100 seconds) the laminates elongated rapidly and at a similar rate. The extension rate 
of all the laminates then slowed considerably and showed a non-linear deformation rate caused 
by progressive softening and decomposition of the polymer matrix, delamination cracking and 
ply failure. The sudden step increases in the extension rate were due to simultaneous failure of 
multiple 0o (load-bearing) plies, which abruptly increased the compliance of the laminate 
specimens. Laminates with the 45o surface ply were capable of elongating over much longer 
heat flux exposure times than the composites with the 0o surface ply, revealing that the tensile 
deformation response of quasi-isotropic laminates is dependent on the ply stacking sequence. 
The fibre modulus decreases when heated above ~500oC in air due to oxidation-induced fibre 
thinning [73]. However, other than the fibres at the surface, ply oxidation cannot occur because 
the out-gassing of decomposition volatiles restrict access of air into the laminate. Under non-
oxidizing conditions, which exists within the laminate, the elastic modulus of carbon fibres do 
not change considerably over the temperature range of these tests [73]. For this reason, the fibre 
modulus within the sub-surface plies of the four laminates is expected not to change, although 
there is significant fibre weakening when the plies are heated above ~400oC. Therefore, most 
of the axial extension of the laminates during fire structural testing is due to glass transition 
softening and decomposition of the polymer matrix and at higher temperatures, fibre 
weakening leading to ply failure. This is proven by Figure 4.30 which compares the effect of 
increasing exposure time to the heat flux of 35 kW/m2 on the axial deformation and heat release 
rate of the carbon fibre composite. The mechanical response of the laminates was correlated to 
their decomposition response. The thermal decomposition process slowed significantly after 
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about 500 seconds, however the composite shows much longer failure times when the applied 
stress was below ~50% of the room temperature failure strength. After decomposition, only the 
carbon fibre reinforcement remains and hence they are able to carry the applied tensile load. 
At higher applied tensile loads the laminate failed during thermal softening or decomposition.  
 
 
Figure 4.30. Axial displacements of the laminates with increasing heat flux exposure time at 
35 kW/m2. The percentage values define the applied tensile stress as a percentage of the 
ultimate strength at room temperature. This figure includes the effect of flux exposure time 
on the heat release rate of the laminate.  
0
1
2
3
4
5
6
7
0 500 1000 1500 2000
70%
40%
Thermal Flux Exposure Time (s)
A
x
ia
l 
D
is
p
la
c
e
m
e
n
t 
(m
m
)
 Lam 1-[0/+45/90/-45/0/+45/90/-45/0/+45/90/-45]s
 Lam 2-[+45/90/-45/0/+45/90/-45/0/+45/90/-45/0]s
40%
70%
0
50
100
150
200
250
H
e
a
t 
R
e
le
a
s
e
 R
a
te
 (
k
W
/m
2
)
 
 
 
152 
 
a) 
b) 
Figure 4.31. Axial displacements of the laminates with increasing heat flux exposure time at 
50 kW/m2. The percentage values define the applied tensile stress as a percentage of the 
ultimate strength at room temperature. 
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4.4.4.2 Fire-Structural Response of Carbon Fibre Composites under 
Tensile Loading 
Figures 4.32 and 4.33 show the effect of applied tension stress on the failure times of the 
carbon-epoxy laminates when exposed to the heat flux of 35 kW/m2 or 50 kW/m2. As expected, 
reducing the tension stress or heat flux increased the failure times of the laminates. This trend 
has been previously reported for other types of composite materials, including carbon, glass 
and basalt reinforced laminates, as discussed in Chapter 2.  Scatter in the failure times of 
composite materials subjected to combined tension loading and one-sided heating is common 
[73, 83]. The scatter in the tensile failure times increased with decreasing applied stress for all 
laminates. Presumably this is due to the variable fracture stress properties of fibres, which 
changes the progressive failure rate of composites leading to scatter in the failure times.  
 
The failure times of the quasi-isotropic laminates were not influenced significantly by the ply 
orientation when the applied tension stress was high (above ~50% of the ultimate strength). 
The failure times at high stresses were short (less than a few hundred seconds), and therefore 
only the region immediately below the fire-exposed surface was sufficiently hot enough to 
soften the epoxy matrix and weaken the carbon fibres. Most of the applied stress was carried 
by the 0o plies, with the other ply orientations providing a much smaller contribution to the 
strength. When the 0o ply nearest to the fire-exposed surface quickly failed at high stress, this 
caused the remaining 0o plies further below the heated surface to be instantaneously over-
loaded thereby causing complete failure within a short time. This failure mode occurred for the 
four types of laminates at high tensile stress levels. However, large differences in the softening 
rate and failure time occurred between the laminates with 0o or 45o surface plies when the 
applied stress was reduced below ~50% of the ultimate stress. These differences were more 
pronounced when multiple 0o plies were placed at the surfaces (Laminate 3), which failed up 
to 1500 seconds sooner than when multiple 0o plies were at the middle (Laminate 4). By placing 
the 0o plies well below the fire-exposed surface, which is the case for Laminates 2 and 4, there 
is a thermal lag due to the low through-thickness thermal conductivity of carbon fibre-epoxy 
laminates aided by the insulating effect caused by the delaminations. This slowed the heat 
transfer towards the back surface and thereby slowed the softening rate of the laminate in this 
region. Consequently, there is a large increase in the fire survivability of the laminates with 0o 
plies located at the middle rather than close to the surfaces.  
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Figure 4.32 and 4.33 show the calculated failure times (indicated by the curves) which were 
computed using the thermal-mechanical model described in Section 4.2.2. The model was 
developed specifically to predict the tensile softening of glass fibre laminates in fire [70], and 
is applied here for the first time to quasi-isotropic carbon fibre laminates. The model does not 
consider the mass loss of the fibres due to oxidation, however as this only occurs at high 
temperatures above ~700oC [73], it is believed to not significantly affect the failure of the 
laminates when exposed to the two test heat fluxes of 35 and 50 kW/m2. The model shows 
reasonable agreement with the experimental failure times. The disagreement between the 
measured and calculated failure times could be due to a number of reasons, although an 
important factor is the inability of the thermal model to precisely calculate the temperatures of 
the laminates, which were affected by the delamination cracks.  
 
 
Figure 4.32. Effect of tensile stress on the failure times of carbon fibre composite when 
exposed to the heat flux of 35 kW/m2. The curves were calculated using the model. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 4.33. Effect of tensile stress on the failure times of carbon fibre composite when 
exposed to the heat flux of 50 kW/m2. The curves were calculated using the model. 
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Figure 4.34 shows the effect of ply orientation on the experimentally measured failure times at 
different heat fluxes and applied tensile loads. The influence of ply orientation is greater at 
lower applied loads (<300 MPa) and lower heat fluxes. Thermal-mechanical analysis of the 
failure times was also undertaken for the laminates when exposed to the heat fluxes of 10 and 
25 kW/m2 and the cellulosic and hydrocarbon fire conditions, shown in Figure 3.35. The failure 
times were influenced by the ply orientation at lower applied loads (<300 MPa) for all heat 
fluxes. At the lower heat fluxes, the temperature distribution through Laminates 1 and 2 was 
similar as shown in Figure 4.28, however Laminate 2 could still withstand the same fire-under-
load conditions as Laminate 1 for up to ~5000 seconds longer. This is due to the location of the 
0o load-bearing plies in Laminate 2 being below the heated surface which extends the heat flux 
exposure time before these plies experience thermal softening and decomposition, and hence 
they were able to maintain their stiffness and strength for longer heat flux exposure times. 
Laminate 1 has the 0o load-bearing plies located at to the surface where they were more quickly 
heated and hence experienced thermal softening and decomposition in shorter thermal flux 
exposure times.  
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b) 
Figure 4.34. Effect of heat flux on the failure times of the laminates at a) ~400 MPa and b) 
~275 MPa. 
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b) 
Figure 4.35. Calculated failure times for a) Laminate 1 and b) Laminate 2 when under 
combined tensile loading and exposure to the heat flux. 
 
4.4.5 Fire-Under-Load Response of Carbon Fibre Composites Under 
Compression Loading 
 
4.4.5.1 Compressive Deformation Response of Carbon Fibre Composites 
The deformation response of polymer laminate beams under combined compression loading 
and one-sided heating is controlled by material softening and the thermal forces and moments 
which induce axial and lateral deflections [100,101,136]. Figures 4.36 and 4.37 show the axial 
deformation experienced by the different quasi-isotropic carbon fibre-epoxy laminates when 
exposed to the thermal fluxes of 35 and 50 kW/m2 at different compressive stress levels. The 
stress levels are expressed as a percentage of the room temperature buckling stress. The 
laminates initially expanded despite being under a compressive load, and this was due to 
thermal expansion. The axial expansion curves reached a peak value before the laminates began 
to axially contract until failure. At lower applied loads the expansion rate was slower as a 
greater number of the load-bearing plies were thermally softened due to the longer heat 
exposure time. 
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Laminate 2 and 4 experienced greater expansion at the lower applied stresses due to the longer 
exposure times. The multiple 0o plies located away from the heat source delayed their softening 
and allowed the laminate to maintain compressive stiffness for a longer period. At higher 
applied loads, there was very little expansion due to the load-bearing plies being located further 
away from the heated surface and hence remaining at a lower temperature. Failure of these 
samples under high loads occurred by brittle kinking of the load-bearing plies and the back-
surface plies remained intact with little or no deformation due to the low back surface 
temperature. 
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b) 
Figure 4.36. Axial displacements of carbon fibre-epoxy composites when exposed to 
combined one-sided heating at 35 kW/m2 and compression loading at different load 
percentages of the room temperature buckling stress for a) Laminate 1 and b) Laminate 2. 
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d) 
Figure 4.37.  Axial displacements of carbon fibre-epoxy composites when exposed to 
combined one-sided heating at 50 kW/m2 and compression loading at different load 
percentages of the room temperature buckling stress for a) Laminate 1, b) Laminate 2, c) 
Laminate 3 and d) Laminate 4. 
 
Concurrently the laminates deflected laterally due to the thermal moment created by the steep 
temperature gradient through-the-thickness. Figures 4.38 and 4.39 show the out-of-plane 
displacements of the laminates during fire-under-compressive load tests where the samples 
were clamped at both ends. A negative displacement represents the deflection of the laminate 
towards the heat source. The one-sided heating of the laminates introduced a non-uniform 
temperature gradient through-the-thickness of the sample (as shown in Figures 4.14 - 4.17), 
causing a shift in the neutral axis with increasing time. Due to the temperature dependant 
mechanical properties of the laminate, the neutral axis shifted towards the cooler back surface 
with increasing exposure time to the heat flux. The mechanical properties, such as the 
compressive modulus at the front surface was lower and hence the sample began to bend away 
from the heated surface. Thermal expansion is also temperature dependant and hence a non-
uniform thermal expansion is introduced through-the-thickness of the laminate. Due to the 
thermal moments produced at the clamped ends, the sample bends towards the heated surface.  
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All laminates show movement towards the heater (negative displacement) due to the thermal 
expansion of the hot face which increased with the applied load. Laminates 1 and 3, which 
have the 0o plies located at the front face then deflected away from the heat source, within ~50 
seconds, due to the shift in neutral axis towards the cold face. Laminate 2 and 4 have the 0o 
plies located within the laminate and hence the temperature takes longer to reach these plies 
and therefore they show a slower lateral deflection rate. The lateral deflection does not shift 
away from the heater at higher loads for Laminate 4 because there is no shift in the neutral axis, 
as all the load-bearing plies are in the centre.  
The nature of the compressive failure is determined by the applied stress, temperature gradient 
through-the-thickness, and the ply orientation of the laminate. Figure 4.40 shows the failed 
sample of Laminate 2 after combined one-sided heating and compression loading. Laminate 2, 
which has the 0o load-bearing plies evenly distributed through-the-thickness, experienced 
separation of the ply layers at the hot face due to the decomposition of the resin. Behind this 
delamination zone for both load levels, the plies experienced plastic kinking as the delaminated 
plies had very low load-bearing capability, which causes the applied stress to increase across 
the other remaining plies and cause sudden failure. Figure 4.41 shows Laminate 4 failed 
samples after combined one-sided heating and compression loading. Laminate 4, which has the 
0o load-bearing plies bulked in the middle experienced different failure mechanisms depending 
on the applied compressive load. At high compressive loads, when the failure time was short, 
the laminate experienced brittle-type kinking of the load-bearing plies and delaminations at the 
hot surface due to matrix decomposition. The bulk load-bearing plies in the middle of the 
laminate offer stiffness which result in less severe failure than Laminate 2 at the high applied 
load. When the applied compressive load was low, and the failure times longer, Laminate 4 
experienced plastic buckling of the load-bearing plies due to matrix softening.  
Numerous other studies [83,88,94,101,102,105,125] have reported a similar finding that under 
combined compression loading and one-sided heating the composite test specimen will initially 
deflect towards the heating source due to thermal expansion. As the composite material heats 
up and begins to soften, these studies have also found that the neutral axis of the test specimen 
shifts towards the back (cooler) surface which then causes the specimen to deflect away from 
the heat source.  
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a)  
b) 
Figure 4.38. Lateral deflection of carbon fibre-epoxy composites when exposed to combined 
one-sided heating at 35 kW/m2 and compression loading at different load percentages of the 
room temperature buckling stress for a) Laminate 1 b) Laminate 2. 
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c) 
 
 
 
 
 
 
 
 
 
 
 
 
d) 
Figure 4.39. Lateral deflection of carbon fibre-epoxy composites when exposed to combined 
one-sided heating at 50 kW/m2 and compression loading at different load percentages of the 
room temperature buckling stress for a) Laminate 1 b) Laminate 2 c) Laminate 3 and d) 
Laminate 4. 
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a)                                 b)                        
Figure 4.40. Side-view of failed samples of carbon fibre-epoxy composite Laminate 2 after 
combined one-sided heating at 50 kW/m2 and compression loading at a) 80% of the room 
temperature buckling stress and b) 10% of the room temperature buckling stress. The 
sample was heated from the left side. 
 
 
 
 
 
 
 
 
 
a)                                        b) 
Figure 4.41. Side-views of failed samples of carbon fibre-epoxy composite Laminate 4 after 
combined one-sided heating at 50 kW/m2 and compression loading at a) 80% of the room 
temperature buckling stress and b) 10% of the room temperature buckling stress. The 
sample was heated from the left side. 
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4.4.5.2 Fire-Structural Response of Carbon Fibre Composite Under 
Compressive Loading 
Figures 4.42 and 4.43 show the effect of compression stress on the failure times of the carbon-
epoxy laminates when exposed to the heat flux of 35 kW/m2 and 50 kW/m2.  The failure time 
is defined as the exposure time to the heat flux needed to cause the laminate to collapse under 
the applied stress. At both heat fluxes, failure always occurred regardless of the magnitude of 
the applied stress. As expected, the failure time for all laminates increased with decreasing 
applied stress and heat flux. The notable difference between the laminates is their ultimate 
buckling stress at room temperature. The laminates with 0o surface plies buckled at higher stress 
than the laminates with 45o surface plies. Furthermore, the laminate with multiple 0o surface 
plies had the highest compressive failure stress. In all cases, the laminates failed by buckling 
due to their long, slender geometry. Locating the 0o plies at the surfaces locally increased the 
bending rigidity of the beam specimens which makes Laminate 1 and 3 more resistant to 
compressive buckling failure.   
The laminates had very short failure times when under compression load and one-sided heating; 
failing in under several hundred seconds while under only 10% of the ultimate buckling stress. 
The same behaviour has been reported by Feih et al. [88] for glass fibre laminates, which fail 
under compression within much shorter times compared to tension. Figures 4.42 and 4.43 show 
that under compression loading, the ply orientation has little influence on the fire structural 
survivability of the different types of quasi-isotropic laminates after a heating time of ~100-
150 seconds, which is approximately the time taken for the fire-exposed surface to reach the 
glass transition temperature of the epoxy matrix. This softening induces an asymmetrical 
stiffness gradient across the load-bearing section of the laminates, causing them to collapse.  
The solid curves in Figures 4.42 and 4.43 show the effect of applied compressive stress on the 
failure times of the laminates calculated using the thermal-mechanical model. The model was 
developed to predict the compressive failure of glass fibre laminates in fire [88]. This study 
proves reasonable agreement between the calculated and measured failure times for quasi-
isotropic carbon fibre laminates.  
Thermal-mechanical analysis was also undertaken for the carbon fibre laminates when exposed 
to lower heat flux conditions of 10 and 25 kW/m2. Analysis was not performed at the cellulosic 
and hydrocarbon fire conditions due to the very short failure times of the laminates. Figure 4.44 
shows the calculated failure times for Laminates 1 and 2 with increasing applied compression 
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stress at the lower heat fluxes, and again the ply orientation sequence did not affect significantly 
the compressive performance.  
 
Figure 4.42. Failure times for the different ply orientation laminates when exposed to 
combined compression loading and one-sided constant heat flux of 35 kW/m2. The solid 
curve was calculated using the model.  
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b)  
Figure 4.43. Failure times for the different ply orientation laminates when exposed to 
combined compression loading and a one-sided constant heat flux of 50kW/m2. The solid 
curve was calculated using the model. 
a) 
0
5
10
15
20
25
30
35
40
0 50 100 150 200 250
 Lam 3-[0/0/0/+45/90/-45/+45/90/-45/+45/90/-45]
s
 Lam 4-[+45/90/-45/+45/90/-45/+45/90/-45/0/0/0]
s
Thermal Flux Exposure Time (s)
A
p
p
lie
d
 C
o
m
p
re
s
s
iv
e
 S
tr
e
s
s
 (
M
P
a
)
0
5
10
15
20
25
0 100 200 300 400 500 600
35 kW/m2
10 kW/m2
25 kW/m2
Thermal Flux Exposure Time (s)
A
p
p
lie
d
 C
o
m
p
re
s
s
io
n
 S
tr
e
s
s
 (
M
P
a
)
50 kW/m2
q = 50 kW/m2 
 
 
 
171 
 
b) 
Figure 4.44. Calculated failure times when under combined compression loading and 
exposure to the heat flux for the a) Laminate 1 and b) Laminate 2. 
4.4.6 Post-Fire Mechanical Properties 
 
When composites are damaged by fire, their mechanical properties after the fire has been 
distinguished and the material can cooled to room temperature can be degraded. The effects of 
heat flux exposure time on the post-fire tensile properties of Laminates 1 and 2 are shown in 
Figure 4.45. The properties were determined at room temperature after the laminates had been 
exposed to a heat flux of 50 kW/m2 for times up to 1500 seconds. The post-fire properties of 
both laminates dropped rapidly with increasing heat exposure time up to 1500 seconds. At a 
heat exposure time of 500 seconds, the tensile properties reduced to less than ~50 % of their 
original value. Figure 4.46 shows the influence of heat flux on the post-fire tensile properties. 
The laminates were exposed to heat fluxes of 10, 25, 50 or 75 kW/m2 for 250 seconds before 
the properties were measured at room temperature. As expected, the post-fire properties of the 
laminates dropped rapidly with increasing heat flux. 
 
At higher exposure time and heat flux, the mechanical properties of Laminate 2 were higher 
than Laminate 1. As previously determined in Section 4.4.3, the back-surface temperature of 
Laminate 2 is significantly lower than Laminate 1 when exposed to the heat flux of 50 kW/m2. 
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This indicates that Laminate 2 would sustain less thermal damage, such as decomposition and 
charring, and hence would retain a greater amount of strength in post-fire conditions. During 
one-sided thermal flux exposure, the 0o load bearing plies in Laminate 2 are located beneath 
the exposed surface and hence they also remain protected from the heat for longer exposure 
times compared to Laminate 1 which has the first 0o load-bearing ply located at the front heat 
exposed surface.  When the laminates are exposed to the heat flux of 25 kW/m2 for 250 seconds, 
the front surface has reached the decomposition temperature (~350oC). This indicates that the 
first 0o load bearing ply, located at the front surface of Laminate 1 has experienced matrix 
decomposition and hence its post-fire tensile strength is reduced. The post-fire tensile strength 
of Laminate 2 remains closer to its original strength for higher heat fluxes than Laminate 1.  
 
The rapid reduction to the post-fire properties were due mainly to  matrix decomposition and 
extensive delamination cracking between plies. The thermal flux exposure to the laminates 
caused decomposition and charring of the epoxy matrix close to the heated surface. At shorter 
exposure times or low heat fluxes, the back surface of the laminates did not undergo 
decomposition, however delamination cracks were observed through-the-thickness of the 
laminate. Both laminates showed significant matrix decomposition and extensive delamination 
cracks at thermal flux exposure times greater than 700 seconds and therefore longer heat-
exposure times resulted in a more gradual reduction in post-fire properties.  
 
Fire damage to the composite samples was investigated using X-ray computed tomography. 
Figure 4.47 shows the CT images of the burnt laminate samples taken at different heat flux 
exposure times. In the charred region, only carbon fibre can be seen as the epoxy matrix has 
burnt away. Below this surface, an unburnt region shows delamination cracks formed by 
thermal strains. The depth of the charred region increased with increasing exposure time or 
heat flux for both laminates. The post-fire mechanical properties of Laminate 2 were higher 
than Laminate 1 and this is due to a lesser amount of fire damage (i.e. charring and delamination 
cracking) at the given thermal flux exposure time or heat flux.  
 
 
 
173 
 
 
a) 
b) 
Figure 4.45. Effect of heat exposure time on the post-fire a) tensile failure load and b) tensile 
stiffness. The curves are lines of best fit. The heat flux was 50 kW/m2. 
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a) 
 
 
b) 
Figure 4.46. Effect of heat flux on the post-fire a) tensile failure load and b) tensile stiffness. 
The curves are lines of best fit. The heat flux exposure time was 250 seconds.  
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Figure 4.47. Fire damage to Laminate 1 after exposure to a heat flux of 50 kW/m2 for a) 500 
seconds and b) 1500 seconds. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.48. Fire damage to Laminate 2 after exposure to a heat flux of 50 kW/m2 for a) 500 
seconds and b) 1500 seconds. 
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4.5 CONCLUSION 
 
This study has proven that the structural performance in fire and the post-fire tensile properties 
of quasi-isotropic carbon-epoxy laminates used in aircraft structures can be influenced by the 
stacking sequence of the 0o, +45o, -45o and 90o plies. The internal and back surface 
temperatures of the laminates depend on their ply orientations. Composites with 0o middle plies 
reach higher internal temperatures close to the heated surface than laminates with 45o middle 
plies. Also, laminates with 0o middle plies experience more extensive heat-induced 
delamination cracking which lowers the effective through-thickness thermal conductivity and 
traps heat near the fire-exposed surface. A further consequence of this is that laminates with 0o 
middle plies have lower back face temperatures than composites with 45o middle plies. This 
implies that in the event of a post-crash aircraft fire, which is usually external to the fuselage, 
then the conduction of heat through the laminate structure and into the cabin is slowed by 
designing laminates with 0o middle plies. However, this finding needs to be confirmed by large-
scale fire tests performed on representative composite fuselage sections made with different 
ply stacking patterns.  
 
The study also found that the tensile softening rate and failure time of quasi-isotropic laminates 
depends on the ply stacking pattern at low applied tensile stresses (less than ~50% of the 
ultimate strength); with 0o middle plies providing superior structural performance in fire. The 
insulating effect of the wider and larger delamination cracks in laminates with 0o middle plies 
slows the thermal softening rate of the load-bearing (0o) plies located towards the back surface, 
and this extends the fire structural survivability under tensile loading. However, the fire 
performance of the different laminates is similar under compression loading due to their much 
shorter failure times and failure being controlled by thermal softening of the fire-exposed 
surface.  
 
These conclusions are valid for long, slender beams subjected to axial loads while 
simultaneously being heated from one-side. The geometry of the laminate specimens is such 
that they approximate a one-dimensional load case. Further research is required to assess the 
sensitivity of the laminate ply orientations for composites more representative of those used in 
aircraft structures such as plates and stiffened panels, subjected to axial tension or compression 
as well as other load cases (eg. bending, multi-axial loads). It is also important to recognise 
that a trade-off exists between tailoring the ply orientations for improved structural 
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survivability in fire and for maximizing the mechanical properties under normal (ambient) 
conditions, such as flexural rigidity which is lower for laminates without 0o surface plies.  
 
The dependence of the fire structural performance on the ply stacking pattern is related to 
differences in internal temperatures, heat conduction properties, heat-induced delamination 
cracking, and softening mechanisms between the quasi-isotropic laminates, and this should be 
a consideration in the fire safe design of aircraft composite structures.  
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CHAPTER 5: FIRE STRUCTURAL TESTING OF FIBRE 
METAL LAMINATES 
 
ABSTRACT 
 
An experimental study into the reductions to the tension failure stress and compression 
buckling stress of a fibre-metal laminate when exposed to fire is presented in this chapter. The 
FML is constructed using thin AA2024 sheets and glass fibre-epoxy laminate plies, and its fire 
structural performance is compared to monolithic aluminium plate and glass fibre laminate of 
the same thickness. Small-scale simulated fire tests are performed on the materials loaded in 
tension or compression at two heat fluxes (35 kW/m2 and 50 kW/m2).  
The glass fibre laminate reached a much higher front face temperature then the FML when 
exposed to the same heat flux, and this is due to its lower thermal conductivity. The temperature 
differential through-the-thickness of the FML was larger than the monolithic aluminium and 
glass fibre laminate due to large delamination cracks between the aluminium and glass fibre 
laminate layers which restricts heat flow to the back surface. Despite the higher temperature of 
the glass fibre laminate, its structural survivability under tensile loading was superior to the 
aluminium and FML at higher applied loads. At the higher heat flux, the FML was structurally 
superior at lower applied loads due to the lower back surface temperature and capacity of the 
glass fibre layers to retain stiffness and strength.  
The failure times of the FML under combined one-sided heating and compression loading were 
much shorter than under tensile loading. Extensive delamination cracks between the glass fibre 
laminate and aluminium alloy layers reduced the buckling stability of the FML and greatly 
accelerated failure compared to the monolithic aluminium.  
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5.1 INTRODUCTION 
 
Fibre Metal Laminates (FMLs) are a hybrid composite material consisting of alternating layers 
of thin metal sheets and fibre-reinforced epoxy composite prepreg. The two main types of FML 
used in aerospace applications are aramid fibre-reinforced epoxy/aluminium laminates 
(ARALL) and S-2 glass fibre-reinforced epoxy/aluminium laminates (GLARE). FML, such as 
CARALL, which is a hybrid between carbon fibre and aluminium alloy exists however is not 
currently used on aircraft structures. FMLs are used on the cargo floor of the Boeing 777 and 
in the fuselage of the Boeing 737. FMLs are used for the upper skin structure of the A380, 
signifying the first structural application of a FML on commercial aircraft. In all of these 
applications, the FML material of choice is GLARE.  
FMLs are used in aerospace applications due to their superior physical and mechanical 
properties compared to their constituent materials. FML with biaxial fibre layers have better 
impact resistance than aluminium [107], even though the impact resistance of a fibre composite 
is relatively low. Furthermore, the impact damage to FMLs can be easily detected by dents on 
the aluminium surface. FMLs also have superior corrosion resistance compared to aluminium 
due to the laminate layers restricting through-thickness corrosion [107].  
Although studies have been conducted on the in-plane tensile properties of FML [109], no 
studies have investigated the effects of high temperature on the mechanical properties or 
structural response when exposed to fire. As identified in the literature review presented in 
Chapter 2, it is not known whether the aluminium alloy or glass fibre composite will dominate 
the fire structural performance of FMLs. 
An experimental study is presented in this chapter into the fire structural resistance of a fibre 
metal laminate, and its performance is compared to monolithic glass fibre composite and 
aluminium alloy. The fire structural response is experimentally determined using fire-under-
load tests involving combined tension or compression loading and one-sided heating 
representative of a possible fire scenario. The structural response of the materials is compared 
when exposed to one-sided radiant heating at the heat flux values of 35 and 50 kW/m2. These 
heat fluxes cause the FML to reach a front surface temperature of ~330oC and ~500oC, 
respectively. The thermal response, deformation and structural survivability of the materials 
are determined for tension and compression loads.  
 
 
 
180 
 
5.2 MATERIALS AND EXPERIMENTAL METHODS 
The FML specimens were manufactured from unidirectional glass fibre-epoxy composite 
prepreg bonded to AA2024-T3 sheets using epoxy film adhesive, VTA 260. The AA2024-T3 
was supplied by Alcoa in the form of a rolled flat sheet, and it had been solution heat treated, 
cold worked and then naturally aged. The glass fibre-epoxy plies were manufactured using E-
glass/MTM 57 supplied by Lavender Composites. The aluminium alloy sheets were 0.4 mm 
thick and each glass fibre-epoxy ply was 0.3 mm thick. The mechanical properties of each 
material are listed in Table 5.1.  
Table 5.1. Mechanical properties of materials used in the FML. 
Property AA2024-T3 E-GLASS/MTM 57 
Tensile Strength (MPa) 450  450 
Tensile Modulus (GPa) 73 50 
Buckling Strength (MPa) 38 17 
 
The stacking sequence of the fibre metal laminate was [AA/0/90/AA/0/90/AA]s, as illustrated 
in Figure 5.1. The 0
o glass fibre-epoxy layers were aligned in the same direction as the rolling 
direction of the thin aluminium sheets. The epoxy film adhesive was placed at each layer 
interface. The manufacture of the FML involved the following series of steps, also shown in 
Figure 5.2. 
1. Mechanical abrasion of aluminium sheets using an orbital sander and 60 grit sandpaper 
to produce a roughened surface (Figure 5.2a). 
2. Silane solution preparation which involved mechanically stirring solution with 
demineralised water (Figure 5.2b). 
3. Aluminium surfaces pre-treated with an organosilane agent 
(methacryloxypropyltrimethoxysilane) to improve the adhesive bonding. The solution 
is applied to the aluminium sheet by soaking a lint-free cloth in the solution and rubbing 
the aluminium surface (Figure 5.2c). 
4. Aluminium sheets placed in an oven at 100oC for 60 minutes to dry (Figure 5.2d). 
5. Material deposition, including cutting, lay-up and de-bulking. The glass fibre prepreg 
was cut into 0o and 90o plies. The film adhesive was cut and laid up with the glass fibre 
prepreg and de-bulked every 3 plies. These were  laid up with the aluminium alloy 
sheets in the following sequence: [AA/0/90/AA/0/90/AA]s (Figures 5.2e and 5.2f). 
 
 
 
181 
 
6. Cure preparation, including tool cleaning and vacuum bag preparation. 
7. The FML is cured at 90 psi at 120oC for 60 minutes inside an autoclave (Figure 5.2g) 
8. The cured FML is water jet cut into 50 mm wide and 6.4 mm thick samples (Figure 
5.2h). 
The FML had a final thickness of ~6.4 mm after curing. To assess the fire performance of the 
FML, its behaviour is compared to monolithic AA2024-T3 alloy and glass fibre-epoxy 
laminates with the same thickness. The glass fibre-epoxy laminate consisted of 22 glass fibre 
laminate plies layed up in a [0/90]o sequence. During ply stacking the laminate was de-bulked 
after every four plies for three minutes to ensure air was removed from between the plies. The 
laminate were vacuum bagged and cured in an autoclave at a temperature of 120oC and 90 psi 
for 60 minutes. After curing the laminates were cut using a high-pressure abrasive water jet. 
Fire-under-load test samples were 600 mm long and 50 mm wide for both tension and 
compression testing for all materials.  
FML LAYUP – [AA/0/90/AA/0/90/AA]S 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.  Schematic of the FML lay up sequence. 
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Figure 5.2. Manufacturing process of FML. 
5.2.1 Thermal Flux Exposure Testing of Fibre Metal Laminates 
 
The FML, AA2024 and glass fibre laminate samples were exposed to the thermal flux while 
under no load to measure the thermal response. The heat flux was generated using the cone 
calorimeter electric resistive heater (diameter 200 mm), as described in the previous chapters. 
The heater set temperature and corresponding element temperatures as well as the temperature-
time curves for the heater element are described in Chapter 3. The samples and heater were 
both in a vertical orientation with the heater placed 25 mm from the sample surface. Only a 
100 mm long section of the sample was exposed directly to the heat flux; the other surfaces of 
the sample were thermally insulated using Fiberfrax® 550 K ceramic fibre wool. The front and 
back face temperatures of the samples were measured continuously during fire exposure testing 
using K-type thermocouples. Multiple tests were conducted on different samples at the heat 
fluxes of 35 and 50 kW/m2 for a period of 2000 seconds. 
 
5.2.2 Fire-Under-Load Testing of Fibre Metal Laminates 
 
Small-scale fire tests were performed on the FML, AA2024 and glass fibre laminate materials 
to measure and compare their fire resistance. Fire testing was performed on the materials when 
loaded in tension or compression to a fixed stress level while simultaneously heating one side 
using the radiant heater, as described fully in previous chapters. The samples were 600 mm 
long, 50 mm wide and 6.4 mm thick, and were loaded using a 250 kN MTS machine fitted with 
g h 
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a smoke extraction system. The FML and glass fibre laminate were both loaded in the 0o fibre 
direction and the aluminium in the rolling direction. 
 
The applied constant loads ranged between 10% to 80% of the room temperature tensile failure 
stress or compressive buckling stress, which are given for the different materials in Table 5.2. 
Figures 5.3 and 5.4 show applied load-displacement curves measured for the FML and glass 
fibre laminate. The load-displacement curves for AA2024 are presented in Chapter 3. Under 
tension and compression loading, the ends of the test samples were clamped within the loading 
machine and had an unsupported gauge length of 430 mm. The small load drops in the tensile-
displacement curve for the glass fibre laminate represent discrete ply failures. The tensile-
displacement curve for the FML is influenced more by the aluminium alloy then the glass fibre 
laminate. The curve is linear up to ~150 MPa and then the slope reduces due to plastic 
deformation of the aluminium skins up to the ultimate failure at ~230 MPa. The compressive 
failure stress values are much lower than the tensile failure stress because the laminates failed 
by Euler buckling due to their long unsupported gauge length (430 mm). Similar behaviour 
was observed for the materials studied in Chapters 3 and 4.  
 
The fire-under-load tests involved maintaining a constant tensile or compressive stress to the 
FML sample while exposed to the constant heat flux until failure occurred. When under 
constant load, the sample was exposed to an incident radiant heat flux of 35 kW/m2 or 50 
kW/m2, as described in Section 5.3.2.  
 
Table 5.2. Tensile failure stress and compressive buckling stress of the materials at room 
temperature. 
Material Tension Strength 
(MPa) 
Buckling 
Strength (MPa) 
AA2024-T3 (Chapter 3) 450 ± 2 38 ± 2 
GFRP 450 ± 2 17 ± 2 
FML 230 ± 10 23 ± 1 
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 5.3. Stress-axial displacement curves at room temperature for the FML under a) 
tension and b) compression loading. Multiple test results are shown to indicate repeatability. 
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a) 
 
 
 
b) 
Figure 5.4.  Stress-axial displacement curves at room temperature for the GFRP under a) 
tension and b) compression loading. Multiple test results are shown to indicate repeatability. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Fire Reaction Properties of Fibre Metal Laminate 
Fire reaction properties such as heat release rate and peak release rate are used to evaluate the 
fire safety hazard of the FML. The heat release rate indicates the amount of heat generated by 
the FML when it thermally decomposes. The effect of increasing exposure time at the heat flux 
of 50 kW/m2 on the heat release rate and mass loss of the FML is shown in Figures 5.5. The 
heat release rate also gives an indication of the mass loss rate. When the matrix decomposes, it 
releases volatile gases and heat. Therefore the heat release rate is directly proportional to the 
decomposition rate of the matrix. The FML does not release any heat up to ~2100 seconds, 
however the curve then increases rapidly indicating rapid decomposition.  
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b) 
Figure 5.5. Effect of increasing exposure time to the thermal flux of 50 kW/m2on the a) heat 
release rate and b) mass loss of the FML. 
 
5.3.2 Thermal Response of Fibre Metal Laminate 
 
The temperature distribution through-the-thickness of the FML, glass fibre laminate and 
AA2024 were measured using thermocouples attached to the front and back surfaces. The 
increase in temperature when exposed to the heat flux of 35 or 50 kW/m2 is compared in Figure 
5.6 and 5.7, respectively. To ensure consistency in the test procedure, the temperature profile 
of the materials was measured several times to determine the variability. The measured 
temperature-time curves were found to be highly repeatable (typically within 20oC). This 
indicates that temperature differences between the materials which are greater than ~20oC are 
statistically significant.  
 
The front surface temperature of the three materials increased rapidly within the initial few 
minutes and then reached a quasi-steady state value. The front surface of each material was 
coated with heat resistant black paint to match their surface emissivity. The specific heat 
capacity of the glass fibre laminate (0.91 J/goC) and aluminium alloy (0.89 J/goC) are similar, 
however the glass fibre laminate reached a much higher front surface temperature. At the heat 
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flux of 35 kW/m2, the glass fibre laminate reached a higher front surface temperature (~550oC) 
compared to the aluminium alloy (~350oC) and FML (~400oC). Also at the higher heat flux of 
50 kW/m2, the glass fibre laminate reached a much higher front surface temperature (~600oC) 
compared to the aluminium alloy (~450oC) and FML (~500oC) due to its lower thermal 
conductivity and decomposition.  
 
During exposure to the heat flux, the glass fibre laminate layers in the FML experience 
decomposition and delamination cracking which creates air gaps within the laminate. As the 
layers separate, the FML expands and the front surface aluminium layer is pushed forward 
closer to the heat source causing the front surface to heat rapidly and reach higher temperature 
than the monolithic aluminium alloy. Figure 5.8 shows a side-view of the FML before and after 
fire exposure. After exposure to the higher heat flux for 500 seconds the laminate has expanded 
from ~6.4 mm to ~10.5 mm due to the delaminations. 
 
The temperature differential through-the-thickness of the FML is significantly larger than the 
monolithic glass fibre laminate and aluminium. This is due to the debonding cracks between 
the aluminium and glass fibre laminate layers. The glass fibre laminate layers also experience 
decomposition and delamination cracking, effectively insulting the remaining sample. The melt 
temperature of the glass fibres is much higher than the temperature of the heat source and hence 
they remain intact, effectively creating a fire barrier for the rest of the sample and allowing the 
remaining aluminium alloy layers to remain cool. The temperature at the back face hence 
remains low. The thermal conductivity (k) value for the glass fibre laminate (k = 0.034-0.40 
W/mK) is also much lower than the aluminium alloy (k = 121 W/mK). This indicates that the 
higher back surface temperature of the glass fibre laminate is not due to a faster heat rate 
transfer through the material, but instead due to the higher front surface temperature.  
 
The lower through-thickness thermal conductivity of the composite material effectively traps 
the thermal energy near the heated region, resulting in the higher measured surface temperature. 
In addition, the heating of the fire-under-load test specimens was localised to a relatively small 
region (100 mm long), and therefore the absorbed heat will conduct axially along the specimens 
towards the cooler (unheated) regions. The axial thermal conductivity of the composite is much 
lower than the aluminium and FML, which also contributes to heat being trapped and the 
measured surface temperature being higher. 
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a)  
b) 
Figure 5.6. Temperature rise of the glass fibre composite, AA2024 and FML when exposed to 
a heat flux of 35 kW/m2 at a) the front surface and b) back surface. 
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a) 
b) 
Figure 5.7. Temperature rise of the glass fibre composite, AA2024 and FML when exposed to 
a heat flux of 50 kW/m2 at a) the front surface and b) back surface. 
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a)                                                                    b) 
Figure 5.8. Side-view of the fibre metal laminate a) before and b) after fire exposure to the heat flux 
of 50 kW/m2 for 500 seconds. 
5.3.3 Fire-Under-Load Response of Fibre Metal Laminates Under 
Tensile Loading 
5.3.3.1 Tensile Deformation Response of Fibre Metal Laminates  
One-sided radiant heating caused the aluminium alloy, glass fibre laminate and FML to deform, 
soften and eventually fail under tensile loading. Figures 5.9 and 5.10 show examples of the 
axial extension-time response of the three materials over the duration of the tensile fire-under-
load tests. Axial deformation curves are shown for each material when carrying a constant 
tensile stress, while exposed to one-sided radiant heating at the heat fluxes of 35 and 50 kW/m2.  
The curves initially show a quasi-linear increase in extension with heating time due to thermal 
expansion. Despite the glass fibre laminate having a much lower coefficient of thermal 
expansion (5.4 x 10-6/K) than the aluminium alloy (23.2 x 10-6/K), the initial extension is 
similar at short exposure times due to the much higher temperature of the glass fibre laminate. 
The FML initially elongated at a faster rate than the glass fibre laminate and aluminium alloy 
due to thermal softening of the aluminium layers and matrix phase of the glass fibre laminate 
layers.  
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The extension then rises rapidly with increasing thermal flux exposure time until failure, for 
all the materials.  For the aluminium alloy this corresponds to necking of the sample which 
occurs rapidly and leads to tensile failure as shown in Figure 5.11. The glass fibre laminate 
also has an inflection point where the extension rate increases rapidly, this corresponds to the 
onset of progressive fibre failure. The rapid increase in extension of the FML occurs at much 
shorter thermal flux exposure times than the glass fibre laminate and aluminium. The front 
surface aluminium sheet quickly softens and fails after necking as shown in Figure 5.12. The 
glass fibre laminate layer beneath is then directly exposed to the heat source.  The extension 
increases as the glass fibres fail progressively until the sample can no longer carry the applied 
load.  
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b) 
Figure 5.9. Effect of heating time on the axial extension of the glass fibre composite, AA2024 
and FML at the heat flux of 35 kW/m2 at a) ~180 MPa and b) ~135 MPa. 
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a)  
b) 
Figure 5.10. Effect of heating time on the axial extension of the glass fibre composite, 
AA2024 and FML at the heat flux of 50 kW/m2 at a) ~180 MPa and b) ~90 MPa. 
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a)                            b)                               c) 
Figure 5.11. Failed specimens of a) FML, b) AA2024 and c) GFRP after combined one-sided 
heating and tensile loading. 
 
5.3.3.2 Fire-Structural Response of Fibre Metal Laminates under Tensile 
Loading 
The effect of exposure time to the thermal flux on the tensile failure stress and specific stress 
of the aluminium alloy, glass fibre laminate and FML are compared in Figures 5.12 and 5.13. 
The specific stress is the failure stress normalised to the density of the material. As expected, 
for all the materials the failure times increased when the applied stress and heat flux decreased. 
The failure times at high stress, for all materials, were short (less than a few hundred seconds).  
At the lower heat flux, the aluminium alloy is structurally superior despite the glass fibre 
laminate having a higher tensile failure stress at room temperature. At shorter thermal flux 
exposure times (<700 seconds) the glass fibre laminate has a higher specific failure stress, but 
at longer exposure times the aluminium is structurally superior. The FML was structurally 
inferior compared to the monolithic aluminium and glass fibre laminate due to its lower room 
temperature failure stress and specific failure stress. The FML experiences extensive 
delamination and debonding cracks which occur between the aluminium and glass fibre 
laminate layers. This debonding between the layers significantly reduces the load-bearing 
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capacity of the FML. Failure, however, did not occur for the FML when under less than 40% 
of the room temperature failure stress due to the significant debonding between the layers 
which restricts the heat flow to the back-surface glass fibre laminate and aluminium alloy plies. 
This delays the softening and failure of the back surface layers and allows the FML to carry 
the applied load for longer thermal flux exposure times.  
At the higher heat flux of 50 kW/m2 the glass fibre laminate remained structurally superior at 
shorter thermal flux exposure time (< ~600 seconds). However, at longer exposure times the 
FML was structurally superior. The FML retained significant residual strength even following 
long exposure to the thermal flux due to the relatively low back surface temperature and 
capacity of the glass fibres to retain stiffness and strength. Figure 5.14 shows a side view of 
the FML sample after fire-under-load testing. The thin aluminium alloy layers fail, even at the 
back surface where the temperature is low, however the back-surface glass fibre-epoxy layers 
remain undamaged and intact and are hence able to carry the applied tension load for longer 
thermal flux exposure times.  
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b) 
Figure 5.12. Effect of thermal flux exposure time on a) tensile failure stress and b) specific 
failure stress of the aluminium alloy, glass fibre composite and fibre metal laminate at a 
heat flux of 35 kW/m2. 
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b) 
Figure 5.13. Effect of thermal flux exposure time on a) tensile failure stress and b) specific 
failure stress of the aluminium alloy, glass fibre composite and fibre metal laminate at a 
heat flux of 50 kW/m2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14. Side-view of a failed FML specimen after fire-under-tensile load testing where 
the heat flux was applied to the left side. 
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5.3.4 Fire-Under-Load Response of Fibre Metal Laminates Under 
Compression Loading 
 
5.3.4.1 Compression Deformation Response of Fibre Metal Laminates  
 
The deformation response of the materials subjected to simultaneous compressive loading and 
one-sided heating are shown in Figure 5.15 to Figure 5.16 for the axial extension and lateral 
deflections. The curves show the effect of increasing exposure time to the thermal flux of 35 
or 50 kW/m2 on the deformations when loaded at low (30% of the room temperature buckling 
stress) and high (80%) compressive loads. During the initial heating period the materials 
expanded despite being under a compressive force due to thermal expansion. The expansion is 
greatest for the aluminium alloy due to its higher coefficient of thermal expansion and longer 
thermal flux exposure time.  The expansion for the FML and glass fibre laminate are much less 
and over a much shorter thermal flux exposure time. The axial extension curves reach a peak 
before the materials began to axially contract under the compressive load until failure. As the 
materials axially contracted, the samples deflected laterally.   
 
Figure 5.17 and 5.18 show the out-of-plane displacement of the materials during fire-under-
compressive load tests where the samples were clamped at both ends. A negative displacement 
represents the deflection of the test specimen towards the heat source. The out-of-plane 
displacement of the aluminium was initially negligible for the aluminium alloy because the 
sample remains aligned within the load direction until ~250 seconds or ~100 seconds when 
exposed to the heat flux of 35 kW/m2 or 50 kW/m2 respectively. The glass fibre laminate 
initially showed a negative displacement due to the thermal expansion of the front surface. 
Then, due to a shift in the neutral axis towards the cold face, the laminate deflected away from 
the heat source until failure. The rate of deformation for the FML was more rapid than the 
monolithic aluminium and glass fibre laminate, and was dominated by the glass fibre laminate 
layers.    
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a) 
b) 
Figure 5.15. Axial displacements of the AA2024, glass fibre composite and FML when 
exposed to combined one sided heating at 35 kW/m2 and compression loading at a) 30% and 
b) 60% of the room temperature buckling stress. 
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a)  
 
b) 
Figure 5.16. Axial displacements of the AA2024, glass fibre composite and FML wen exposed 
to combined one sided heating at 50 kW/m2 and compression loading at a) 30% and b) 60% 
of the room temperature buckling stress. 
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a)  
 
b) 
Figure 5.17. Lateral deflection of the aluminium alloy, glass fibre composite and FML when 
exposed to combined one-sided heating of 35 kW/m2 and compression loading at a) 30% 
and b) 60% of the room temperature buckling stress. 
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a) 
 
b) 
Figure 5.18. Lateral deflection of the aluminium alloy, glass fibre composite and FML when 
exposed to combined one-sided heating of 50 kW/m2 and compression loading at a) 30% 
and b) 60% of the room temperature buckling stress. 
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5.3.4.2 Fire-Structural Response of Fibre Metal Laminates under 
Compression Loading 
 
The effect of exposure time to the thermal flux on the absolute buckling stress and specific 
buckling stress of the aluminium alloy, glass fibre laminate and FML are shown in Figure 5.19 
and 5.20. The specific buckling stress is the buckling stress normalised to the density of the 
material. Failure was taken as the heat flux exposure time needed to cause the material to 
collapse. As expected, the failure times for all the materials increased with decreasing applied 
stress and/or heat flux.  
 
Compressive failure occurred more rapidly for the FML and glass fibre laminate, compared to 
the aluminium. The failure times under compression loading were also much shorter then under 
tension loading. This suggests that failure of the FML under compression loading is dominated 
by the glass fibre laminate layers due to thermal softening of the matrix. The FML sample 
failed in under 500 seconds at only 10% of its room temperature buckling stress at both heat 
fluxes. Figure 5.21 shows the failed samples of the FML after fire-under-load testing. Extensive 
delamination cracking is observed between the plies. The delamination cracks reduce the 
buckling stability of the sample and accelerate failure under the compressive load. In the FML, 
the difference in thermal expansion coefficients for the aluminium and glass fibre laminate also 
causes residual stresses in the laminate after curing as well as during thermal exposure. This 
leads to tension in the aluminium and compression in the glass fibres laminate causing shear 
stresses within the FML which promotes delaminations cracking which thereby reduces the 
buckling stability.  
 
The monolithic glass fibre laminate had very short failure times when under compression 
loading and one-sided heating; failing in under several hundred seconds while under only 10% 
of the ultimate buckling stress at both heat fluxes. The glass fibre laminate failed by kinking of 
the fibres under compression loading. The laminate develops delamination cracks due to 
thermal strains which cause the plies near the heated surface to buckle and kink. The monolithic 
aluminium alloy was structurally superior under compression loading due to its slower 
reduction in elastic, plastic and creep softening rate with increasing temperature.  
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a)  
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 5.19. Effect of thermal flux exposure time on the a) buckling stress and b) specific 
buckling stress of the aluminium alloy, glass fibre composite and fibre metal laminate at a 
heat flux of 35 kW/m2. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 5.20. Effect of thermal flux exposure time on the a) buckling stress and b) specific 
buckling stress of the aluminium alloy, glass fibre composite and fibre metal laminate at a 
heat flux of 50 kW/m2. 
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a) b) 
Figure 5.21. Failed specimens of the FML after combined one-sided heating and compression 
loading at a) high stress and b) low stress. The sample was heated from the right side. 
5.4 CONCLUSION 
 
The research work presented in this chapter has demonstrated that the fire-structural integrity 
of fibre metal laminate is mostly inferior to monolithic aluminium alloy and glass fibre 
laminate. One-sided heating of the FML caused large delamination cracks between the 
aluminium and composite layers which led to a large temperature differential through-the-
thickness and allowed the back surface to remain relatively cool.  
 
The tensile failure of the materials was dependant on the thermal flux exposure time and heat 
flux. For shorter thermal flux exposure times the glass fibre laminate was structurally superior, 
due to its higher room temperature strength and specific failure stress. However, at longer 
exposure times, the aluminium and FML were structurally superior at the heat flux of 35 and 
50 kW/m2, respectively. Delamination cracks and debonding in the FML allowed the back 
surface to remain relatively cool and the glass fibres were hence able to retain their load-bearing 
capacity. Under compression loading and one-sided heating the failure of the FML was 
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dominated by the glass fibre layers, failing in very short exposure times, compared to the 
monolithic aluminium which was superior due to its much slower softening rate.  
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CHAPTER 6: COMPARATIVE ASSESSMENT OF THE 
FIRE PERFORMANCE FOR AEROSPACE STRUCTURAL 
MATERIALS 
 
ABSTRACT 
 
In this chapter, a comparative study into the mechanical properties and fire structural response 
of the aerospace materials, aluminium alloy, carbon fibre-epoxy laminate and fibre metal 
laminate (FML) is presented using experimental findings from previous chapters.  
When exposed to the same radiant heat flux, the carbon fibre laminate heated up more rapidly 
and reached higher temperatures than the aluminium and FML. Despite the carbon fibre 
laminate reaching a much higher front surface temperature, the back surface remained 
relatively low due to its high through-the-thickness insulating properties such as its lower 
thermal conductivity and delamination cracks which restrict heat flow. The FML also 
experienced delamination cracking within the glass fibre laminate layers which creates air gaps 
and restricts the heat flow towards the back surface. Hence, the FML also shows a larger 
temperature differential through-the-thickness of the laminate compared to the aluminium 
alloy.  
Despite reaching much higher temperature, the tensile structural survivability of the carbon 
fibre laminate was superior to the aluminium and FML when exposed to the same heat flux. 
Even after the epoxy matrix had softened and started to decompose the 0o load-bearing carbon 
fibres were able to retain significant stiffness and strength. Under compression loading the 
aluminium alloy was structurally superior to the carbon fibre laminate and FML.  
Some of the research presented in this chapter has been published in the following papers: 
Grigoriou, K. Mouritz, A.P Comparative assessment of the fire structural performance of 
carbon-epoxy composite and aluminium alloy used in aerospace structures. Materials & 
Design (2016), Vol. 108, pp. 699-706 
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6.1 INTRODUCTION 
Despite the transition from aluminium alloys to fibre reinforced polymer composite materials 
and fibre metal laminates (FMLs) in major aircraft structures, the comparison of their fire 
structural performance is not well understood. Continuing incidents of aircraft fires has 
instigated growing interest in how the fire structural performance of aerospace-grade 
aluminium alloys compares to the increasing use of carbon fibre laminates and FMLs. A 
concern with using polymer matrix composites in aircraft structures is their flammability. 
Composite materials are a potential fire hazard when used on aircraft due to the heat, smoke 
and toxic fumes released when they burn [1]. There is also concern for the structural integrity 
as thermal softening and pyrolysis of the epoxy matrix and weakening of the fibre 
reinforcement can cause the material to distort and fail [1].  Concern also exists for the fire 
structural integrity of aluminium alloys, even though they do not ignite and burn. Aluminium 
alloys are susceptible to softening, distortion and failure when exposed to relatively low 
temperatures (above 150-200oC) and will melt above ~660oC [27]. There is also concern about 
the structural response of FMLs in fire.  
The study presented in this chapter compares the fire structural resistance of aluminium alloys, 
a carbon-fibre laminate and a FML. The fire resistant properties of the materials were 
determined experimentally as reported in the previous chapters using fire-under-load tests 
involving combined tensile or compression loading and one-sided heating representative of a 
possible fire scenario. The effects of the applied load and radiant heat flux on the structural 
survivability of the three types of aerospace materials are compared in this chapter.  
6.2 MATERIALS  
 
A full description of the materials is given in previous chapters and therefore are only briefly 
outlined here. The aluminium alloys were AA2024-T3 and AA7075-T6 (supplied by Alcoa) in 
the form of rolled flat plate. The carbon fibre-epoxy laminate was made using unidirectional 
Hexcel AS4/3501-6 carbon fibre-epoxy prepreg tape with a quasi-isotropic lay-up sequence, 
[+45/90/-45/0/+45/90/-45/0/+45/90/-45/0]s.  The FML was manufactured from unidirectional 
MTM 57 glass fibre-epoxy composite prepreg bonded to AA2024-T3 sheets using VTA 260 
film adhesive. The stacking sequence of the FML was [AA/0/90/AA/0/90/AA]s. All samples 
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had the same thickness of ~6.4 mm and their tensile failure and buckling stress, measured in 
previous chapters, is given in Table 6.1. 
 
Table 6.1. Tensile failure stress and buckling stress of the materials at room temperature. 
Material Tension Strength 
(MPa) 
Buckling 
Strength (MPa) 
AA2024-T3  450 ± 20 38 ± 3 
AA7075-T6 600 ± 10 42 ± 2 
CFRP 550 ± 15 13 ± 4 
FML 230 ± 10 23 ± 1 
 
6.3 RESULTS AND DISCUSSION 
6.3.1 Fire Reaction Properties of Aerospace Structural Materials 
The fire reaction properties of heat release rate and mass loss were used to evaluate the fire 
safety hazard of the carbon fibre-epoxy laminate and FML. The effect of increasing exposure 
time to the heat flux of 50 kW/m2 on the heat release rate and mass loss of the materials is 
shown in Figure 6.1. The heat release rate of the carbon fibre laminate increases within a 
relatively short thermal flux exposure time due to its faster heat-up rate, although less heat was 
generated and a lower peak heat release rate was measured when compared to the FML. Most 
of the decomposition in the carbon fibre laminate occurs between 200-500 seconds compared 
to the decomposition of the FML which occurs after 2000 seconds. The mass loss of the carbon 
fibre laminate when exposed to the thermal flux was also more rapid then for the FML. The 
mass loss was caused by decomposition of the epoxy matrix in the carbon fibre laminate and 
glass fibre laminate layers of the FML. The FML began to lose mass at much longer exposure 
times ( > 1000 seconds).  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 6.1. Effect of increasing exposure time to the thermal flux of 50 kW/m2 on the a) heat 
release rate and b) mass loss of the carbon fibre-epoxy composite and the FML. 
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6.3.2 Thermal Response of Aerospace Structural Materials 
 
The temperature distribution through-the-thickness of the materials was measured by attaching 
thermocouples to the front and back surfaces and exposing the samples to a heat flux of 35 or 
50 kW/m2. Figures 6.2 and 6.3 show the measured temperature rise at the front and back 
surfaces of the materials with increasing exposure time to the heat fluxes. Tests were repeated 
multiple times to determine the consistency in the measured temperatures, as shown in previous 
chapters, and hence the average temperature is shown here.  
 
The front surface temperature of the materials increased rapidly when first exposed to the 
thermal flux, although the heating rate was more rapid for the carbon fibre laminate and FML. 
The maximum temperature reached at the heat flux of 35 kW/m2 was much higher for the 
carbon fibre laminate, which reached ~550oC. The front surface temperatures of the FML and 
aluminium alloys were much lower at ~400oC and ~300oC, respectively. Also, the maximum 
temperature reached by the carbon fibre-epoxy laminate (~720oC) was much hotter than for the 
aluminium alloy (450oC) and FML (500oC) at the heat flux of 50 kW/m2.  The higher front 
surface temperature is due to the higher surface emissivity and lower thermal conductivity 
which restricts the flow of thermal energy away from the heated surface. The thermal response 
of the materials suggests that carbon-epoxy laminate may reach much hotter temperatures than 
aluminium and FMLs when exposed to the same type of aircraft fire. 
 
The back face temperature  of the carbon fibre laminate and FML remained relatively low, due 
to their high through-thickness insulating properties. The carbon fibre laminate has a much 
lower through-thickness thermal conductivity than the aluminium alloy. Also, the carbon fibre-
epoxy laminate experienced extensive delamination cracking and fibre-matrix debonding 
which slowed the rate of through-thickness heat flow from the front to back surfaces, as 
explained in Chapter 4. The FML also experienced delamination cracking and debonding 
which restricted heat flow to the back surface, as explained in Chapter 5. Fibre-matrix 
debonding in the carbon fibre laminate occurs due to the large mismatch between the thermal 
expansion cofficients between the carbon fibre and epoxy as well as softening, decompostion 
and thermally-induced strains, which generate a tensile stress in the matrix close to the fibres 
that causes interfacial cracking. Debonding between the aluminium and glass fibre laminate 
layers occurs within the FML due to the mismatch between the thermal expansion coefficients 
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between the aluminium and glass fibre laminate layers as well as decompostion. Delamination 
cracking in the carbon fibre laminate is caused by the mismatch in thermal expansion 
coefficients between neighbouring plies with different fibre orientations. The thermal 
expansion of the 0o plies is much less than the 45o and 90o plies (which are similar), and this 
induces interply stresses which cause delamination cracking. This cracking is aided by the 
reduction to the interlaminar fracture toughness of the composite above the glass transition 
temperature. Also, delamination cracking is induced by the bulk thermal moment in the carbon 
fibre laminate and FML caused by the front surface being much hotter than the back surface. 
During testing the ends of the samples are clamped, and therefore as they heat up the material 
distorts under the bending moment induced by the steep through-thickness temperature 
gradient between the front and back surfaces. This moment generates interlaminar stresses 
within the softened interply regions of the sample which facilitates delamination cracking.  
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b) 
Figure 6.2.  Temperature-time profiles of the carbon-fibre composite, aluminium alloys and 
FML when exposed to the thermal flux of 35 kW/m2 at a) front surface and b) back surface. 
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b) 
Figure 6.3.  Temperature-time profiles of the carbon-fibre composite, aluminium alloys and 
FML when exposed to the thermal flux of 50 kW/m2 at a) front surface and b) back surface. 
 
6.3.3 Fire-Under-Load Response of Aerospace Structural Materials 
Under Tension Loading 
6.3.3.1 Tensile Deformation Response of Aerospace Structural 
Materials  
 
During one-sided heating and tensile loading, the materials axially deform until failure. The 
effect of increasing thermal flux exposure time on the axial extension is compared for the 
materials in Figures 6.4 and 6.5. The curves show the measured deformation-time histories of 
the materials when carrying a constant tensile stress, which is expressed as a percentage of its 
tensile failure stress at 20oC, while exposed to one-sided heating at the heat flux of 35 kW/m2 
or 50 kW/m2. The carbon fibre-epoxy laminate initially elongated rapidly during the first ~100 
seconds exposure to the heat flux due to thermal expansion. The extension rate then slows 
abruptly which corresponds to the onset of thermal softening of the epoxy matrix at the front 
face. The axial extension then increases very slowly even though the matrix undergoes glass 
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transition softening and decomposition, and this is because the carbon fibres retain stiffness 
and strength to relatively high temperatures. The extension-time curves end abruptly, and this 
is due to sudden failure of the 0o fibres which causes catastrophic failure. The FML and the 
aluminium alloys initially elongate at a much slower rate than the carbon fibre-epoxy laminate, 
however following this initial extension due to thermal expansion, the extension increases 
rapidly until failure. This is due to progressive softening caused by elastic, plastic and creep-
induced softening of the aluminium. The extension rate of the aluminium increases rapidly 
immediately before final failure as it plastically deforms by necking.   
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b)  
Figure 6.4. Axial extension curves measured for the carbon-fibre composite, aluminium alloys 
and FML when exposed to the heat flux of 35 kW/m2 at a) 40% and b) 80% of the room 
temperature strength.  
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.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6. 5. Axial extension curves measured for the carbon-fibre composite, aluminium 
alloys and FML when exposed to the heat flux of 50 kW/m2 at a) 40% and b) 80% of the 
room temperature strength. 
6.3.3.2 Tensile Failure of Aerospace Structural Materials 
 
The effect of exposure time to the thermal flux on the tensile failure stress and specific stress 
of the carbon fibre laminate, aluminium alloys and FML are compared in Figures 6.6 and 
Figure 6.7 for the heat fluxes of 35 kW/m2 and 50 kW/m2, respectively. The specific stress is 
the failure stress normalised to the density of the material.  The curve presented is a line-of-
best fit through the experimental data, and was not modelled. As expected, decreasing the 
applied stress increases the time that the materials can survive the thermal flux before failing. 
The results show there is significant scatter in the failure times of the specimens, particularly 
when exposed to relatively low tensile stress levels. For example, at the lowest stress applied 
to the aluminium (40 MPa) the measured failure times varied from about 950 to 2100 seconds. 
At the lowest applied stress for the carbon fibre laminate (160 MPa) the failure times ranged 
from 1250 to 1600 seconds. At the lowest applied stress for the FML (69 MPa) the failure times 
ranged from 2000 to 2450 seconds. Other studies report similar behaviour for the tensile 
deformation and failure of aluminium exposed to a thermal flux, with the scatter in the failure 
times increasing when the applied stress is reduced [141]. Deformation and failure is controlled 
by elastic softening, plastic softening and creep, with creep being the dominant process when 
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aluminium is subjected to low stress and when the failure times are long. The creep strain rate 
properties, such as the secondary creep activation energy, are variable for some aluminium 
alloys, and this is due presumably to microstructural effects such as non-uniform distribution 
of precipitates and variable grain sizes. Such variability is the cause for the large scatter in the 
failure times of aluminium under simulated fire conditions. Scatter in the failure times of 
composites materials subjected to combined tensile loading and one-sided heating is also 
common [70, 73]. Presumably this is due to the variable fracture stress properties of fibres 
which changes the progressive failure rate of composites leading to scatter in the failure times. 
The FML is presumed to combine these effects and hence also shows scatter in the failure 
times.  
 
At both heat fluxes, the tensile failure stresses (absolute and specific) are much higher for the 
carbon-fibre laminate, and this occurs despite it reaching much higher temperatures than the 
aluminium alloys and FML and experiencing extensive delamination cracking and fibre-matrix 
interfacial cracking. The carbon-fibre laminate retains significant residual strength even 
following long-term exposure to the thermal flux which causes the epoxy matrix to weaken by 
glass transition softening and decomposition. For the same applied specific stress, the carbon 
fibre laminate can withstand the fire conditions for up to ~2000 seconds longer than the 
aluminium alloys and FML. The superior fire structural performance of the carbon-fibre 
laminate is due to the capacity of the carbon fibres in the 0o plies to retain stiffness and strength, 
even after the epoxy matrix has softened and started to decompose (as discussed in detail in 
Chapter 4).  
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a) 
b) 
 
Figure 6.6. Effect of thermal flux exposure time on the a) failure stress and b) specific stress 
of the carbon-fibre composite, aluminium alloy and fibre metal laminate when exposed to 
the thermal flux of 35 kW/m2. The curves are lines of best fit. 
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               a) 
 
b) 
Figure 6. 7. Effect of thermal flux exposure time on the a) failure stress and b) specific stress 
of the carbon-fibre composite, aluminium alloy and fibre metal laminate when exposed to 
the thermal flux of 50 kW/m2. The curves are lines of best fit. 
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6.3.4 Fire-Under-Load Response of Aerospace Structural Materials 
Under Compression Loading 
6.3.4.1 Compression Deformation Response of Aerospace Structural 
Materials 
 
The axial deformation experienced by the materials when exposed to one-sided heating at the 
thermal fluxes of 35 or 50 kW/m2 and constant compressive stress are shown in Figure 6.8 and 
6.9. The stress is expressed as a percentage of the room temperature buckling stress of each 
material, which is given in Table 6.1. The materials initially expanded despite being under a 
compressive load and this was due to thermal expansion.  The axial extension is greatest for 
the aluminium alloys due to their higher coefficient of thermal expansion and much longer 
thermal flux exposure times.  The AA7075 expanded at a much faster rate than the AA2024 
due to its faster heat transfer through-the-thickness of the sample. The FML expands at a faster 
rate than the carbon fibre-epoxy laminate due to the expansion of the aluminium layers. The 
carbon fibre laminate has a slow rate of expansion, and the maximum extension is also very 
low. This is due to the location of the 0o load bearing plies being behind the heated front surface. 
This prolongs the time taken to heat and soften the 0o plies and hence the expansion of the 
sample is restricted.  
 
Concurrently the materials deflected laterally. Figures 6.10 and 6.11 shows the out-of-plane 
displacement of the materials during fire-under-compressive load tests where the samples were 
clamped at both ends. A negative displacement represents deflection towards the heat source. 
The aluminium alloys do not deflect laterally until much longer thermal flux exposure times 
compared to the carbon fibre laminate and FML due to the higher softening temperature of 
aluminium, as determined in Chapter 3. The FML has a fast rate of out-of-plane deflection 
which increases until failure within the first 100 seconds of thermal exposure time. The carbon 
fibre laminate also shows a fast rate of deflection compared to the aluminium due to the 
softening of the epoxy matrix.  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 6.8. Axial displacements of carbon fibre-epoxy composite, aluminium alloys and FML 
when exposed to combined one-sided heating and compression loading at a) 30% and b) 
60% of the room temperature buckling stress at 35 kW/m2. 
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a) 
b) 
Figure 6.9. Axial displacements of carbon fibre-epoxy composites, aluminium alloys and FML 
when exposed to combined one-sided heating and compression loading at a) 30% and b) 
60% of the room temperature buckling stress at 50 kW/m2. 
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a)  
 
 
 
 
 
 
 
 
 
 
 
b) 
Figure 6.10. Lateral deflections of carbon fibre-epoxy composites, aluminium alloys and FML 
when exposed to combined one-sided heating and compression loading at a) 30% and b) 
60% of the room temperature buckling stress at 35 kW/m2. 
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a) 
b) 
Figure 6.11. Lateral deflections of carbon fibre-epoxy composites, aluminium alloys and FML 
when exposed to combined one-sided heating and compression loading at a) 30% and b) 
60% of the room temperature buckling stress at 50 kW/m2. 
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6.3.4.2 Compression Failure of Aerospace Structural Materials 
 
Figures 6.12 and 6.13 show the effect of compression stress on the failure times of the 
aluminium alloys, carbon-epoxy laminate and FML when exposed to the heat flux of 35 kW/m2 
and 50 kW/m2. The failure time is defined as the exposure time to the heat flux needed to cause 
the material to collapse under the applied stress. The curve presented is a line-of-best fit through 
the experimental data, and was not modelled. As expected, the failure times decrease with 
increasing applied stress for all the materials. The aluminium alloys are structurally superior 
under compression loading at both heat fluxes. The failure of the aluminium under combined 
compression loading and one-sided heating is dependant on the reduction to the elastic, plastic 
and creep softening rate with increasing temperature. At the lower heat flux, failure of the 
aluminium does not occur below 70% of the room temperature buckling stress. The 
compression failure of the carbon fibre laminate is dependant on the softening rate of the epoxy 
matrix which occurs above ~150oC. The high front surface temperature and low softening 
temperature of the epoxy matrix reduces the buckling stability and hence failure occurs over 
very short thermal flux exposure times. The carbon-epoxy laminate failed in under several 
hundred seconds while under only 10% of the ultimate buckling stress. The FML experiences 
debonding of the aluminium and glass fibre laminate layers which reduces the buckling 
stability. The extensive debonding reduces the buckling resistance and the FML fails in under 
several hundred seconds under only 10% of the ultimate buckling stress. The failure mode of 
the materials are compared in Figure 6.14. The aluminium alloys failed by global buckling 
whereas the carbon fibre laminate and FML failed by kinking. 
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a) 
 
b) 
Figure 6.12. Effect of thermal flux exposure time on the a) compression failure stress and b) 
specific compression stress of the carbon-fibre composite, aluminium alloy and fibre metal 
laminate when exposed to the thermal flux of 35 kW/m2. The curves are lines of best fit. 
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 a) 
 
b) 
Figure 6.13. Effect of thermal flux exposure time on the a) compression failure stress and b) 
specific compression stress of the carbon-fibre composite, aluminium alloy and fibre metal 
laminate when exposed to the thermal flux of 50 kW/m2. The curves are lines of best fit. 
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a)                        b)                            c)                                 d) 
Figure 6.14. Failed samples of the a) AA2024, b) AA7075, c) carbon fibre composite and d) 
FML after exposure to the heat flux (left side) and low compression loading. The heat flux 
was applied to the left side of each sample.  
 
6.4 CONCLUSION 
The growing use of carbon fibre-epoxy laminates and FMLs as a replacement to aluminium 
alloys in aircraft structures demands a better understanding of their relative fire structural 
performance. When exposed to a one-sided thermal flux representative of the heat radiated by 
fire, the carbon-epoxy laminate heated much more rapidly and reached higher temperature than 
the aluminium alloys and FML. However, the heat flow through the carbon fibre laminate and 
FML towards the back surface was slower due to the lower through-thickness thermal 
conductivity and heat-induced damage (e.g. delamination cracks, fibre-matrix interfacial 
cracks). Under tensile loading, the axial deformation rate of the carbon fibre laminate and FML 
was slower than the aluminium alloys, and this is because the carbon and glass fibres retain 
their stiffness to much higher temperatures than the temperature range over which the 
aluminium undergoes deformation via elastic, plastic and creep-induced softening processes. 
When exposed to the same radiant thermal flux, the fire structural performance of the carbon 
fibre laminate was superior to the aluminium alloys and FML. The carbon fibre laminate can 
withstand higher tensile stresses for longer fire exposure times than the aluminium alloys and 
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FML, and this is due to the capacity of the carbon fibres to retain its stiffness and strength 
properties to high temperatures. The carbon fibre laminate was capable of withstanding tensile 
loads even after the epoxy matrix had undergone glass transition softening and decomposition, 
and this high-lights the importance of the load-bearing carbon fibres in providing superior fire 
structural performance. The aluminium alloys were structurally superior under compression 
loading compared to both the carbon fibre laminate and FML.  It is important to note, however, 
that the results and findings are only valid for the materials and test conditions used, and 
different results may occur for other types of composite materials, aluminium alloys, fire 
scenarios or load conditions. Despite this, the study clearly reveals that significant differences 
exist in the fire structural performance of aluminium alloys, composites and FMLs used in 
aircraft structures subjected to tensile or compressive forces.  
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CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH 
 
7.1 SUMMARY OF MAJOR FINDINGS  
 
The work performed in this PhD project has contributed towards a better understanding of the 
structural properties of aerospace structural materials exposed to high temperature and fire 
conditions. The current knowledge on the thermal and mechanical properties and fire-under-
load properties of aluminium alloys, polymer composites and fibre metal laminates was 
reviewed and research gaps were identified.  
The fire-under-load properties of aluminium alloys, AA2024 and AA7075, was investigated 
for both tension and compression loading. High temperature testing revealed that AA7075 has 
a more rapid reduction in strength and during thermal flux exposure tests reached a higher back 
surface temperature. Hence, the AA7075 alloy has more rapid softening during fire-under-load 
tests and was structurally inferior to AA2024 under both tension and compression loading. The 
thermal-mechanical model used could accurately calculate the failure times of both alloys.  
The fire-under-load properties of four quasi-isotropic carbon fibre-epoxy laminate was 
investigated for both tension and compression loading. The study shows that the structural 
performance of quasi-isotropic carbon-epoxy laminates can be dependent on the ply stacking 
sequence. Thermal exposure tests revealed that laminates with 0p middle plies have higher 
internal temperature but lower back surface temperature compared to laminates with 45o 
middle plies. This is due to more extensive delamination cracks in the laminates with 0o middle 
plies which lower the effective through-the-thickness thermal conductivity. The fire-under-
load performance of the laminates with 0o middle plies was also superior under tensile loading 
due to the slower thermal softening rate of the load-bearing plies compared to the laminates 
with 45o middle plies. The fire-under-load performance under compression loading was not 
dependant on the location of 0o plies due to the very short failure times and failure being 
dominated by thermal softening of the fire-exposed surface. The thermal-mechanical model 
was optimised for thermal conductivity to account for delamination cracks and could accurately 
calculate the temperature distribution and failure times of each laminate under both tension and 
compression loading.  
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The fire-under-load properties of a fibre metal laminate was also investigated under both 
tension and compression loading and compared to monolithic aluminium alloys and glass fibre 
laminate. Despite having a much higher temperature, the monolithic glass fibre laminate was 
structurally superior under tension loading, at shorter thermal flux exposure times. At longer 
exposure times, the aluminium or FML was structurally superior, depending on the thermal 
flux. Under compression loading, the failure of the FML was dominated by the glass fibre 
laminate layers, and failure occurred in very short thermal flux exposure times.  
During thermal flux exposure, the carbon fibre-epoxy laminate heated up more rapidly and 
reached higher temperature than the aluminium and FML. Despite this the carbon fibre-epoxy 
laminate was structurally superior to the aluminium and FML under tensile loading when 
exposed to the same thermal flux, and this was due to the ability of the carbon fibres to retain 
stiffness and strength at high temperature. Under compression loading, however, the 
aluminium was structurally superior compared to the glass fibre laminate and FML, when 
exposed to the same thermal flux.  
 
7.2 FURTHER RESEARCH 
Although major progress has been achieved in the fire structural modelling and testing of 
aerospace structural materials, further analysis and experimental research is required to achieve 
a complete understanding. The PhD project has examined the fire structural response of carbon 
fibre reinforced epoxy under both tension and compression loading; the effect of ply stacking 
sequence on the fire structural response of carbon fibre reinforced epoxy; the fire structural 
response of aerospace grade aluminium alloys under both tension and compression loading; 
and the fire structural response of fibre metal laminates under both tension and compression 
loading. 
 Below are suggestions for further research to improve the understanding of the fire structural 
behaviours of aerospace structural materials and how they compare: 
- Modelling of the thermal response, damage, softening and failure of FMLs. 
- Experimental fire-under-load tests of different types of FMLs. 
- Modelling and testing of the fire performance of structural details, e.g. beams, curved 
plates, stiffened plates. 
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- Modelling and testing of the fire performance of structures under other load cases, e.g. 
shear, bending.  
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